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Today, with increasing global awareness and regulation of air pollution, interest 
in the smog-abating property of photocatalytic materi ls is increasing. Nanoparticles of 
titanium dioxide (TiO2) are perhaps the most well known photocatalytic semiconductor 
and its use as passive but potentially effective means to reduce atmospheric nitrogen 
oxides (NOx=NO+NO2) has been relatively recently introduced in construction materials, 
commercially sold as photocatalytic cements, photocatalytic pavements, self-cleaning 
tiles, and self-cleaning glass.  
Prior research has examined the photocatalytic properties of the TiO2 itself, as 
well as TiO2-containing cement-based materials, and the majority f his effort has been 
on characterizing and enhancing the photocatalytic eff iency. However, relatively little 
research was performed to assess the potential impact of the photocatalytic reaction on 
the “parent” or “host” material. 
In this research, the focus is on the effect of addition of chemically inert TiO2 
nanoparticles and the photocatalysis on the composition, structure, and properties of 
cementitious materials, which contain titania nanoparticles at early and late ages. With 
the addition of TiO2 nanoparticles, the rate of early cement hydration and the degree of 
hydration are increased, resulting in decreased setting time and increased compressive 
strength at lower water-to-cement ratio, but with decreased microhardness. It was shown 
from modeling that the high surface area of nanoparticles provides nucleation sites for 
hydration products to form, thus accelerating the rat  of hydration through a boundary 




used to optimize cementitious materials to achieve specific early age behavior as well as 
hardened properties, setting aside the photocatalytic benefit. Further, the accelerated 
hydration of C2S implies a potential pathway to sustainable development by using C2S-
rich cements that can be produced at lower temperatur s while emitting less CO2 during 
manufacture. 
In the latter part of the study, the photocatalytic efficiency and the effects of the 
TiO2 on the long-term durability of cement-based materils are investigated to 
demonstrate their suitability for long-term use in the field. The photocatalytic efficiency 
of the TiO2 containing cementitious material under NO and NO2 gases are similar at 3 
hours of NOx/UV exposure. However, the efficiency decreases with long-term NOx and 
ultraviolet light exposure and with wet-dry cycling, possibly due to carbonation and 
overgrowth of hydration products. Also, it was found that the NO2 gas has a greater 
potential to be bound in hardened cement paste than the NO gas, even in the absence of 
photocatalysis (e.g., without light exposure). Because the amount of NO2 bound is 
comparable to the amount decreased by photocatalytic reactions, this new observation 
suggests that the photocatalytic cement-based materials could be used to alleviate NO2 
gas through both photocatalysis and binding within t e cementitious matrix. Cycles of 
NOx and wet/dry exposure result in pits on the sample surfaces, as evidenced by SEM 
images, suggesting that extensive NOx and wet-drying has a potential to generate surface 
damage of a cementitious materials. However, microhardness, surface roughness, and x-
ray diffraction are found to be insensitive to these changes. A separate salt crystallization 
experiment indicates that calcium nitrate, the possible product of photocatalysis, could 






Increasing worldwide urbanization negatively affects air quality. Stationary 
sources such as factories and power plants, and mobile sources such as cars, planes, and 
trains are the major contributors of urban air pollution. Increasing air pollution around big 
cities not only threatens the health of humans, but also influences this planet by changing 
climate or by affecting Earth’s ecosystems and biological diversity. Although there is a 
minor group of scientists that are skeptic about humans as a cause of this climate change, 
about 97% of actively publishing climate scientists agree on the tenets of anthropogenic 
climate change (ACC) [1]. The rapid climate change se n today is caused by greenhouse 
gases such as carbon dioxide and ozone. The global average temperature has risen by 
0.74 °C the last 100 years with the increase of carbon dioxide concentration [2]. This 
climate change affects ecosystems directly by decreasing biodiversity, increasing 
carbonic acid in the ocean that negatively affects marine life, alters habitats, and affects 
migrations and life cycle of species [3]. Ozone can d mage vegetation, impacting the 
growth of plants and trees, which in turn reduces th  ability of plants to uptake CO2 from 
the atmosphere. Pollution in the form of acids and cid-forming compounds, known as 
acid rain, could negatively affect regional ecology in both land and water systems. Acid 
deposition can damage forest directly or by changing the chemical and physical 
characteristics of the soil [4]. It also can kill fsh and other aquatic life [4]. Among many 
air pollutants, nitrogen dioxide (NO2), sulfur dioxide (SO2), particulate matter (PM), and 
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ozone (O3) are classified as major atmospheric pollutants that have adverse effects on 
human health [5].  
In particular, there is a growing concern about rising level of nitrogen dioxide in 
fast-growing cities globally. The major sources of anthropogenic emissions of NO2 are 
the combustion processes in stationary sources (heating, power generation) and in mobile 
sources (combustion engines in vehicles) [5]. During the high-temperature combustion, 
nitrogen and oxygen combines to produce nitric oxide (NO), which then transforms into 
nitrogen dioxide (NO2) in reaction with ozone and oxygen. The NO2 is then photolyzed 
by sunlight to reform NO (Equation (1.1)). The NO and NO2 coexist in equilibrium in the 
atmosphere.  
 
                                N + O 					

				 	2NO                                    (1.1) 
                          NO + O → NO +	O      and     2NO + O → 2NO 
                                                  NO 						 NO + O                          
 
The sum of NO and NO2 is often called nitrogen oxides or “NOx” in atmospheric 
chemistry, and for this reason, the NOx concentration in urban areas and near major 
roadways is greater than ambient atmosphere.  
NOx are known to have adverse effect on human and nture in multiple ways. It 
has direct effect on human health such as irritation on eye, nose, throat, and respiratory 
tract [4]. Severe exposure can result in pulmonary edema and diffuse lung injury, and 
continued exposure to high NO2 can contribute to acute or chronic bronchitis [4].On a 
larger scale, the NO2 together with SO2 is known as the major contributor to the acid rain, 
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forming nitric acid (HNO3) and sulfuric acid (H2SO4) respectively, that threatens the 
natural and built environments alike (Equation (1.2)).  
 
                                                NO2 + OH· → HNO3                                                   (1.2) 
                                              SO2(g)+ OH· → HOSO2·     
                                           HOSO2·  + O2 → HO2·  + SO3  
                                              SO3(g) + H2O → H2SO4 
 
Importantly, NO2 is a key precursor of secondary pollutants such as 
photochemical smog and particulate matters [5]. Photochemical smog is a term used to 
describe air pollution that is a result of the chemical reaction of NO2, sunlight, and 
volatile organic compounds (VOCs). For example, the oxygen atom broken down from 
NO2 (Equation (1.1)) combines with O2 to form most of tropospheric ozone (O3), which 
is considered a powerful greenhouse gas that contributes to global warming (Equation 
(1.3)). Also, the reaction of NO2 with VOCs produce peroxyacetyl nitrate (PAN), which 
forms an important fraction of particulate matter, another major air pollutant (Equation 
(1.4)).  
 
                                                       O + O → O                                                   (1.3) 
                          NO + O + hydrocarbons	 	CHCO − OO − NO               (1.4) 
 
The photochemical smog forms when these pollutants become concentrated in the air and 
remain stationary, such as during inversion, which not only causes impaired visibility but 
 4
also very harmful to respiratory tract and eyes. In addition to that, NOx absorb visible 
solar radiation, which results in impaired visibility and potentially affects global climate 
change [5].  
 Although the adverse effect of NOx are well-known, it was reported that the 
concentration of NOx do not show a tendency to decrease except in the United States, 
while the concentration of SO2 has decreased in most parts of the world [5], driven by 
various national and international regulations. Specifically, the average NO2 
concentration in the United States has decreased 33% from 2001 to 2010 (Figure 1.1), but 
it often is higher in many of the large cities on all continents. Figure 1.2 illustrates the 
annual average NO2 concentrations in selected cities worldwide. It should be noted that 
NO2 level in many of the big cities exceed 40µg/m3 (0.021ppm), which is WHO’s 
guideline for air quality. Air pollution levels are normally higher in developing countries 
than in highly developed industrialized countries. The reason for this is because the NOx 
concentration is mainly related to mobile sources which are increasing, and there is 
decreasing demand on burning fossil fuel globally that produces SO2.  
 
 
Figure 1.1—Annual average NO2 concentration trend in the US, 2001-2010 [4] 
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Figure 1.2—Annual average NO2 concentrations in 2000-2005 reported from selected 
cities worldwide [5] 
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 Despite significant effort to lower direct NO emissions through regulation in 
many countries, NO2 concentration has been frequently exceeding the limit values on 
urban curbside stations [6]. Because automobiles ar a major source of NOx, the higher 
levels of concentration occur at rush-hour near busy roads. It was recorded that hourly 
NO2 concentration exceeded 940µg/m3 (500 ppb) [7], which is far above the standard. In 
Atlanta, the annual concentration of NO2 stays below 30ppb which is far below the 
standard [4], but it exceeds 1 hour standard once i a while near the roadways as 
experimentally measured. 
Due to increasing understanding and concern regarding the rising NOx levels, 
regulation of NOx is generally increasing on a global scale, with several regions and 
countries taking the lead in setting lower limits in recent years. World Health 
Organization (WHO) has published “WHO air quality guidelines” that is updated in 2005 
to protect public health [5]. This document offers guidance to policy makers on four most 
common air pollutants – nitrogen dioxide, sulfur dioxide, particulate matter, and ozone – 
in order to reduce their health effects. Here, NO2 is stated to have an adverse effect on 
health by direct exposure at both short-term and long-term exposure, and also by 
secondary pollutants. The guidelines for annual and1-hour mean are summarized in 
Table 1.1. In the US, United States Environmental Protection Agency (USEPA) recently 
strengthened the health-based National Ambient Air Quality Standards (NAAQS) for 
nitrogen dioxide on January 2010, setting a new 1-hour NO2 standard at the level of 100 
ppb, retaining the current annual average standard of 53ppb. This change was made based 
on current scientific evidence that short-term NO2 exposure, from 30 minutes to 24 hours, 
could exacerbate respiratory illnesses and symptoms including asthma. This new standard 
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was prepared to protect populations, particularly people with asthma, children and the 
elderly. The short-term standard is expected to be applied near major roadways in urban 
areas at peak times, where the NOx concentration can be 30 to 100 percent higher than 
away from major roads. Most of the European countries follow air quality standards set 
by “European Commission – Environment” where the limit value for NO2 has been 
enforced since January 2010. Similar air quality standards can be found from other 
countries and they are summarized in Table 1.1.  
 
Table 1.1—Air quality standards for NO2 in several countries 
 WHO USA EU Korea Japan 
1 hour 200 µg/m
3 
(106 ppb) 
100 ppb 200 µg/m
3 
(106 ppb) 
100 ppb - 
1 day - - - 60 ppb 40-60 ppb 
1 year 40 µg/m
3 
(21 ppb) 
53 ppb 40 µg/m
3 
(21 ppb) 
30 ppb - 
 
On one way of reducing the NOx concentration in theatmosphere, titanium 
dioxide (TiO2) has drawn much attention to researchers due to its strong oxidizing 
capability. Titanium dioxide is the most well known photocatalytic semiconductor which 
has an electronic structure characterized by its valence band (VB) and conduction band 
(CB) energy positions. The detailed mechanism for the photocatalytic reactions is going 
to be introduced later in Chapter 2. It is generally known that water, oxygen, and UV 
light are required in order for the photocatalytic oxidation reactions to occur [8]. These 
reactions enable TiO2 to oxidize or decompose NOx, organic, and small inorganic 
compounds. 
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In addition to photocatalytic properties, it is chemically and biologically inert, 
non-toxic, and relatively low cost [8, 9], which makes it an accessible material for 
general applications. The applications of nano-anatase TiO2 include self-cleaning, air and 
water purification, self-sterilizing, and anti-foggin  surfaces [10].  
 
1.2 TiO2 Used in Construction Materials – Sustainable Development 
The interest in use of titanium dioxide in construcion materials stemmed initially 
from its white color and therefore for its ability to be used in a wide range of products 
and applications. However, the recognition of certain forms of titanium dioxide [11] as a 
photocatalytic material has widened its application. The study of the usage of TiO2 in 
construction materials as a photocatalytic material initiated from the early 1990s [12]. 
The early studies and applications focused on its self cleaning ability, which enabled the 
facades of buildings to remain clean from stains [13]. Today, with increasing global 
awareness and regulation of air pollution, interest in the smog-abating property of 
photocatalytic materials is increasing. TiO2 is considered one way of solving pollution by 
a passive but an effective way, as demonstrated in several laboratory studies [14, 15] and 
by some pilot projects [16, 17]. This relatively new technology is already being used in 
some of the countries, commercially sold as photocatalytic cement (Italcementi Group), 
photocatalytic pavement [18], self-cleaning tiles (TOTO) and self-cleaning glass (Nippon 
Sheet Glass). Along with smog oxidizing properties, there are active discussions on 
hydrophilic and hydrophobic characteristics of TiO2 [10, 12, 19], because it can enhance 
self-cleaning process or air purification by removing residue from the photocatalytic 
activity. 
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1.3 Research Motivation 
Prior research has examined the photocatalytic properties of TiO2 itself [8, 10, 
20], as well as TiO2-containing cement-based materials [17, 21, 22]. The majority of this 
effort has been on characterizing and enhancing the photocatalytic efficiency.  
However, relatively little research was performed to assess the potential impact of 
the photocatalytic reaction on the “parent” or “host” material. In this research, the focus 
is on the effect of photocatalysis on the compositin, structure, and properties of 
cementitious materials, which contain titania nanoparticles at early and late ages. 
Fundamental examinations on the addition of these chemically non-reactive nanoparticles 
to cement-based materials and the effect of the TiO2 on the long term durability of 
cement-based materials must be thoroughly performed to demonstrate their suitability for 
long-term use in the field. The high surface of nanoparticles could alter early age 
properties of cementitious materials, such as setting me, dimensional stability, and 
hydration rate. Also, since the process of degradation involves chemical changes, there 
could be some effects of photocatalysis on cementitious substrate which could eventually 
degrade its mechanical properties or change its oxidation power. Although cement is 
known to efficiently adsorb NOx in the atmosphere to cement surface, a detailed study 
should be conducted. Considering that this relatively n w technology has been started to 
be used in some parts of the world such as in Europe and in Japan, careful fundamental 





1.4 Research Objectives 
The global objectives of this research are to understand the effect of chemically 
non-reactive nano-anatase titanium dioxide on early ge hydration of cement-based 
materials, and to understand durability of titanium dioxide containing cementitious 
materials undergoing photocatalysis.  
 
Five detailed main objectives are:  
 
1) To understand the effect of chemically inert nano-atase titanium dioxide on early 
age hydration of cement using different techniques, which include isothermal 
calorimetry, chemical shrinkage, Vicat setting time, compressive strength, and Vickers 
microhardness indentations. Titanium dioxides from two different manufacturers are 
utilized at addition level of 5% to 15%. The result are compared to neat control cement 
paste.  
  
2) To understand the effect of TiO2 nanoparticles on the hydration rate of pure phase C3S 
and C2S and to understand early age hydration kinetics of TiO2-cement by mathematical 
modeling using pure C3S, as a substitute for cement. “Avrami nucleation model” and 
“boundary nucleation model” are used to describe the kinetics of early hydration. The 
effect of the addition of large surface area TiO2 on hydration kinetics is examined and 
explained using the models. 
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3) To understand and compare the photocatalytic effici ncy and NOx binding capacity of 
TiO2-containing cementitious materials under both nitric oxide and nitrogen dioxide. 
Photocatalytic efficiency experiments are performed in a chamber, where cement paste 
samples are subjected to a constant UV light and a constant flow of NO or NO2. For 
measuring NOx binding capacity, samples are exposed to either NO or NO2 gases 
without UV irradiation. The results of the NO and NO2 gases are compared. 
 
4) To understand characteristics of TiO2-cement after cycles of NOx and UV exposure 
accompanied by wetting and drying. First, the photoca alytic efficiency is measured 
during the course of multiple cycling to examine the efficiency after long-term 
environmental exposure. Second, the surfaces of TiO2-cement tiles that are exposed to the 
specific environmental condition are examined by scanning electron microscopy, x-ray 
diffraction analysis, microhardness indentation technique, and surface roughness. Any 
effects due to extensive exposure condition are discussed. 
 
5) To understand the potential effect of the final NOx oxidation products, especially 
calcium nitrate salts, on salt crystallization damage to cement-based materials. Mortar 
bars at varying w/c and containing different percentages of TiO2 nanoparticles are 
partially submerged in calcium nitrate salt solution n a low humidity sealed chamber. 
The results are compared to samples subjected to deioniz d water and sodium sulfate 




1.5 Organization of Dissertation 
The structure of the dissertation is outlined as follows: 
• Chapter 2 presents a thorough literature review on the background of nanotechnology 
in cement and concrete research, photocatalytic cement, hydration modeling, existing 
standards for NOx removal testing, and topics related to long-term durability.   
• Chapter 3 presents effects of addition of titanium nanoparticles on the properties of 
cementitious materials. Results from isothermal calorimetry, chemical shrinkage, 
setting time, compressive strength, and microhardness are presented. 
• Chapter 4 presents the results of the rate of hydration study when titanium 
nanoparticles are added to pure tricalcium silicate and dicalcium silicate. The early 
hydration kinetics of C3S are examined by mathematical modeling and applied to the 
rate of hydration data.     
• Chapter 5 presents the results from photocatalytic oxidation experiment, where 
samples are exposed to either NO or NO2 gases. Photocatalytic efficiency and NOx 
binding property of cement paste samples are compared when NO and NO2 gases were 
utilized. 
• Chapter 6 presents the durability of TiO2-cement after cycles of NOx-wetting-drying 
exposure. The exposed surfaces are examined with various techniques for possible 
degradation, and photocatalytic efficiency throughout the cycles is presented.   
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• Chapter 7 presents the effect of NOx oxidation final product, calcium nitrate salt, on 
the crystallization damage of cement-based materials. The results are compared to 
when sodium sulfate salt solution and deionized water re utilized.  
• Chapter 8 provides a summary of the research performed and its key conclusions. 
Further research is recommended based upon the outcomes of the current research. 
Each chapter contains its own reference section to improve the readability of the 
dissertation.   
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2.1 Use of Nanotechnology in Cement and Concrete  
 Nanotechnology is commonly defined as the understanding, control, and 
restructuring of matter on the order of nanometers (i.e., less than 100nm) to create 
materials with fundamentally new properties and functions [23]. There have been a lot of 
efforts in physics, chemistry, and biology in the ar a of nanotechnology [24] since the 
concept of nanotechnology was introduced by Feynman in 1959 [25]. In recent years, 
interest in nanotechnology in cement-based materials is increasing [24, 26-37]. Cement 
and concrete are essentially composed of different na o/micro size crystals and nanoscale 
amorphous phase, where there is a huge potential that the bulk material properties be 
modified [38]. This section reviews recent development of nanotechnology in cement and 
concrete research. 
 
2.1.1 Definition of Nanotechnology in Cement and Concrete 
 The nanoscience and nano-engineering (or nanomodification) of concrete are the 
terms that are generally used in the nanotechnology of cement and concrete research [24]. 
Sanchez et al., in their review paper, defined the two terms as below [24].  
 
Nanoscience deals with the measurement and characterization of the nano and 
microscale structure of cement-based materials to better understand how this structure 
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affects macroscale properties and performance through the use of advanced 
characterization techniques and atomistic or molecular level modeling. 
Nano-engineering encompasses the techniques of manipulation of the structure at the  
nanometer scale to develop a new generation of tailored, multifunctional, cementitious 
composites with superior mechanical performance and durability potentially having a 
range of novel properties such as: low electrical resistivity, self-sensing capabilities, 
self-cleaning, self-healing, high ductility, and self-control of cracks. 
 
 In this chapter, a thorough review of nano-engineeri g in cement and concrete 
research is presented. The term “nanotechnology” is going to be used for “nano-
engineering” for convenience. 
 
2.1.2 Nano-Engineering of Cement and Concrete 
 Nano-engineering, or nanomodification, of cement-based materials implies 
adding nano-size cement additives in the mixing procedure, to enhance and control some 
of the properties of the material, including hydration, performance, and degradation 
process. Depending on the desired final properties, he additives can be classified as 
nanoparticles, superplasticizers, or nanoreinforcements. For the scope of this dissertation, 
only the literature reviews on nanoparticles are goin  to be presented.  
 Nanoparticles have tremendous surface area to volume ratio, which potentially 
could affect chemical reaction of hydrating cement. There have been studies with nano-
silica (nano-SiO2) [26-31], nano-titanium dioxide (nano-TiO2) [30, 32, 33], nano-iron 
(nano-Fe2O3) [26], nano-alumina (nano-Al2O3) [31, 34], and some other nanoparticles 
such as nanoclay [35, 36] and nanosized cement particles [37]. These nanoparticles could 
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promote cement hydration by adding additional surface rea for hydration products to 
form, could enhance mechanical strength by nanoreinf rcement, or could act as a nano-
filler, which densifies the microstructure and the ITZ, leading to lower porosity. Among 
others, nano-silica has been the most studied. It has been found that nano-silica improves 
concrete strength and workability [27]. It was also shown that the addition of nano-SiO2 
accelerate early hydration reactions by adding high surface area [29].  Also, it improves 
the microstructure due to filler effect and activates pozzolanic reactions [27]. Nano-TiO2 
is known for its photocatalytic properties including NOx oxidation [14, 15, 17, 39-42], 
removal of volatile organic compounds [12, 43, 44], self-cleaning [12, 39, 41, 45-47], and 
biocidal characteristics [48, 49]. Due to these novel functionalities, it has been used with 
construction materials such as cement-based materials. In addition, due to its nano-size, it 
can accelerate the early-age hydration of portland cement [50].  Also, it was shown to 
increase compressive and flexural strengths of concrete [30, 33]. Nano-Fe2O3 was 
reported to improve strength and flexural strengths of concrete [51]. Also, it was reported 
to provide self-monitoring capabilities of cement mortar [51]. Nazari et al. examined 
abrasion resistance of concrete when nano-Al2O3 nanoparticles are embedded, and 
concluded that the abrasion resistance was improved while compressive strength were not 
affected [31]. In most of the cases where nanoparticles are used with cement-based 
materials, improved mechanical properties was found out due to its physical small size 
and high surface area, in addition to showing their unique functionality. The nano-
modification of cement-based materials is currently an active research area.    
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 Although the use of nano-materials in cementitious materials holds great 
advantages, problems related to effective dispersion, lowering cost, and human health 
still need to be resolved [27, 52, 53].    
 
2.1.3 Nanotechnology in Terms of Sustainable Development 
 Nanotechnology might hold the key to a sustainable development. Nano-TiO2, 
introduced in section 2.1.2, has photocatalytic prope ties, which makes it a promising 
material in reducing atmospheric harmful nitrogen oxides as well as volatile organic 
compounds. This novel application holds potential as a sustainable development, along 
with nanomodification of cementitious materials. Detail d literature reviews on 
photocatalytic cements are presented in section 2.2. In addition to that, nano-TiO2 could 
also be used to accelerate C2S hydration [52]. This could contribute to sustainability in 
terms of lower CO2 emissions by ameliorating cement compositions. Nano-sized cement 
particles or nanobinders have been proposed as one way of improving cement 
performance while reducing atmospheric CO2 emissions during cement production by 
lowering clinkering temperature [54].  
 
2.2 Photocatalytic Cement  
 Cement has been often selected as a substrate for the TiO2 for infrastructure 
applications, since TiO2 has limited capacity for adsorbing or storing organic or inorganic 
substances. Photocatalytic cement is essentially any cement-based materials that contain 
titanium dioxide (TiO2) particles. TiO2, also known as titania, is responsible for the 
photocatalytic oxidation of various components in the atmosphere or in the water. In 
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order to study the photocatalytic cement, it is crucial to understand the material properties 
and underlying chemical processes that take place on the TiO2 surface.  
 
2.2.1 Titanium Dioxide 
2.2.1.1 History 
 Titanium dioxide is a naturally occurring oxide oftitanium. The use of this 
material initiated as a white pigment in the early 20th century due to its high refractive 
index, replacing toxic lead oxides [8]. Over half of its total production is used to make 
paints as a white pigment (51% of total production). Other industry applications as white 
pigment include plastic, paper, cosmetic products, medicine, food coloring, and many 
others [8]. The photocatalytic properties were later discovered and named as “Honda-
Fujishima effect,” published in Nature [55]. Most of the studies are focused on its 
photocatalytic efficiency under various conditions. These unique properties have widened 
the application of TiO2 to smog abatement [14, 15, 17, 39-42], self-cleaning [12, 39, 41, 
45-47], biocidal capacities [48, 49], and indoor aiquality enhancement by volatile 
organic compounds (VOCs) removal [12, 43, 44]. Moreover, the use of TiO2 received a 
great attention due to its chemical/biological stability, ease of production, relatively low 
cost, and being safe for the environment [8].  
 
2.2.1.2 Crystal Structures 
In general, there are three main types of crystal structures of TiO2 found in nature, 
which are rutile (tetragonal), anatase (tetragonal), and brookite (orthorhombic) (Figure 
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2.1) [8, 10]. Some other high-pressure crystal structures can be synthesized having PbO2 
structure, hollandite structure, baddeleyite structure, and cotunnite structure [8, 56]. It is 
known that the rutile is the most stable phase above particle size of 35nm and anatase is 
the most stable phase for particles less than 11nm [57]. These crystal structures have 
different photo reactivity, and anatase phase is known to be the most photocatalytically 
reactive among them followed by rutile, although the reasons behind have been on debate. 
Recently, Ahmed et al. proposed an explanation why the anatase nanoparticles exhibit 
higher photocatalytic activities than rutile [58-60]. There is also an indication that an 
optimal anatase-to-rutile ratio exists for the photoreactivity of TiO2 [61]. Thus, for the 
photocatalysis applications, the anatase type of TiO2 is the most widely used. Also, due to 
easy charge transfer on the surface of nano-sized particles, which makes the reaction 




Figure 2.1—Crystal structures of TiO2 (a) anatase, (b) rutile, and (c) brookite 
 
TiO2 is usually sold in the form of powder, but it is al o sold in the form of sol or 
slurry [62, 63]. Because of the health related problems that the nanoparticles might cause, 
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such as respiratory or skin irritations, nano-TiO2 powder is usually sold in the form of 
agglomerates of mean size of 1~2 µm.  
 
2.2.1.3 Photocatalytic Oxidation Reaction 
TiO2 is known as one of the semiconductors, and such a property defines many of 
the unique characteristics of TiO2 including photocatalysis. All photoinduced phenomena 
of TiO2 including photocatalysis, photovoltaic solar cell, or superhydrophilicity are 
initiated when sufficient energy is absorbed by TiO2. TiO2 has an electronic structure 
characterized by valence band (VB) and conduction ba d (CB) energy. The energy 
difference between the two is called “band gap energy,” and it is known to be 3.20 eV in 
case of bulk anatase TiO2 [64]. When a photon that has higher energy than the band gap 
is in direct contact with TiO2, an electron (e-) is excited from the VB to the CB, leaving a 
hole (h+) behind. This energy-rich electron-hole pair (e--h+) can be used electronically, 
chemically, or to change the properties of the catalys  surface [8], as well as takes part in 
photocatalytic oxidation and reduction reactions [22]. The band gap energy of TiO2 
corresponds to absorption threshold of 384 nm wavelength, which is near UV light range 
(360-380 nm). As the UV light is irradiated, reduction occurs at the CB and oxidation 
occurs at the VB. During these chain of chemical rections, highly reactive superoxide 
radical-anions (O2
-) and hydroxyl radicals (•OH) are expected to form on the surface of 
TiO2 nanoparticles, which then decomposes organic and inorganic pollutants as well as 
micro-organisms adsorbed on the surface [22]. The schematic that describes these 
reactions occurring on the surface of TiO2 oxidizing nitrogen dioxide is shown in Figure 
2.2, reproduced from [40]. 
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Figure 2.2—Mechanism of photocatalytic TiO2 [40] 
 
2.2.2 NOx Oxidation Reactions 
Focusing on the aspect of air quality improvement in outdoor environment, TiO2 
has been known to effectively oxidize nitrogen oxides (NOx=NO+NO2). Especially, NO2 
is classified as one of the major air pollutants these days, participating in the formation of 
photochemical smog and ozone (O3), as well as threatening human health [5]. Many 
mechanisms for the NOx oxidation reaction on TiO2 particle were proposed. Dalton 
proposed that hydroxyl radicals oxidize NO to NO2 and NO2 to NO3
-, while active 
oxygen oxidizes NOx to NO3
- [40]. Devahasdin et al. proposed a lengthy mechanism, 
essentially saying that the oxidation process involves hydroxyl radical and that the NO is 
first converted to HNO2, which is converted to NO2, and then finally converted to HNO3. 
They suggested that the reverse reaction is also viable when the equilibrium is reached 
[65]. In other study, it was proposed that NO2 is converted to HNO3 and NO is converted 
to HNO2 by hydroxyl radicals [66]. Anpo reported some other p rspectives, that the NO 
is decomposed into N2, O2, and N2O during the photocatalytic degradation [67]. Although 
many researchers have proposed mechanisms for the NOx oxidation, the detailed 
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mechanism is still not fully established. However, the set of chemical reactions proposed 
by Ndour [68] gives general understanding on the mechanism (Equation (2.1)).  
 
  On valence band, h)	* +	HO	 →• OH +	H*                                        (2.1) 
 NO +	• OH	 → 	HNO 
  On conduction band, e	- +	O 	→ 	O- 
   NO +	O- + H* →	HNO +	O 
  Leading to the following postulated catalytic netr action: 
  2NO +	HO	 			*),/01				HNO +	HNO 
 
According to Ndour and many others, it is generally accepted that the final 
products of NOx oxidation are nitric acid (HNO3) and nitrous acid (HNO2 or HONO) 
[65, 69-71]. These final products are believed to accumulate on the TiO2 surface, 
inhibiting the photocatalytic reaction. However, these are soluble and can easily be 
washed away by water, such as in rain, and the photocatalytic activity is restored. 
It is generally understood that the oxidation reaction converts atmospheric 
“harmful” NO and NO2 to a form that is implicitly “safe” substances. This, however, 
might not hold true, if it is used with cement-based materials. Nitric acid or nitrous acid, 
the final products of the reaction, could take part in chemical reactions with cementitious 
substrate and affect durability of the material. Apart from the good photocatalytic NOx 




2.3 Early Age Hydration 
2.3.1 Effect of Fine Additives on Cement Hydration 
Addition of TiO2 nanoparticles to cement-based materials is getting interest due to 
its air purifying properties. Researchers have shown that the photocatalytic activity is 
superior in nano-crystalline TiO2 [8, 18], and that it exhibits maximum efficiency in
anatase phase compared to rutile or brookite phase [58-60]. Thus, for the photocatalytic 
applications, the TiO2 powder is produced in anatase nanoparticles and often in 
agglomerated form due to possible health related problems. These nanoparticles are often 
added to cementitious materials during mixing. It being a nano-material, the effect of the 
addition of such large surface area filler could directly modify early age hydration 
kinetics, affecting setting time, dimensional stability, and strength development.  
There have been studies on the addition of fillers to cement and their effect on 
early-age hydration of portland cement. The fillers for cementitious system can be 
categorized by their particle size and reactivity. Whether they are hydraulic or non-
reactive, the surface of the fine fillers has been shown to provide sites for nucleation of 
cement hydration products (C-S-H) and catalyzes the reaction by reducing the energy 
barrier [72]. The effectiveness of this catalysis depends on fineness and dosage of the 
filler [72]. In addition, other phenomena may occur including water absorption by the 
particles, interactions with surface treatments, and reaction of materials previously 
presumed to be inert. Some researchers investigated the effect of addition of micro-sized 
particles. Zelic et al. concluded that silica fume that has surface area of 18m2/g 
accelerated the early cement hydration by nucleation effect due to added surface area and 
not by pozzolanic activity [73]. Gutteridge et al. compared non-hydraulic particles (rutile 
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(0.5µm)) to hydraulic particles (pulverized fuel ash, slag, silica) and concluded that the 
degree of hydration was enhanced due to larger specific surface added [74, 75]. 
Limestone powder was also shown to increase early hydration rate of cement [76]. 
Similar results were found from submicro-sized particles from various researchers. Kadri 
et al. investigated various submicro-sized particles, such as alumina (0.8µm, 1.5µm, and 
63µm), silica fume (0.15µm), quartz (2.2µm), and calcium carbonate (0.07µm), and 
concluded that the fillers, either chemically inert or active, act as heterogeneous 
nucleation sites and the rate of hydration is accelerated with increasing fineness [77]. 
More recently, a number of researchers examined the effect of addition of nanoparticles 
to cement-based materials. The literature reviews on the effect of addition of 
nanoparticles are addressed earlier in this chapter in 2.1.2.   
From the above, researchers have noted an acceleration of cement hydration when 
fine fillers are added to cement, providing nucleation sites for the hydration products to 
form. However, most of the fine fillers that are previously examined react chemically to 
some extent in the cement hydration process, contributing to cement hydration. Also, 
many of the fillers used were micron to submicron size, much larger than the nano-TiO2, 
used for the photocatalytic cement. Considering that e TiO2 act as chemically non-
reactive filler which does not participate in the hydraulic reaction of portland cement, and 
also having nano-scale, there needs to be a study that directly focuses on the effect of 
non-reactive nano-filler on cement hydration. 
On the other hand, addition of fine non-reactive fill r, such as TiO2 particles, to 
cement modifies the hydration rate primarily due to dilution, modification of particle size 
distribution and heterogeneous nucleation [72]. For inc easing dosage rates of chemically 
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inert filler (when used as a partial replacement of cement), the effective water-to-cement 
ratio (w/c) increases and the effective cement content decreases as a result of dilution 
effect, when water-to-solids ratio (w/s) is kept constant. The modification of particle size 
distribution due to chemically inert filler addition might change the system porosity. 
Added surface area by the fine fillers provide heterog neous nucleation sites for the 
hydration products. While dilution effect decreases the hydration rate of cement, added 
nucleation sites contributes to the early cement hydration. It is crucial to know the 
optimal total surface area and dosage of fine inert fillers in cement to tailor the hydration 
reaction mechanism.  
 
2.3.2 Early Age Hydration Mathematical Models 
The addition of TiO2 nanoparticles to cement has been experimentally proven by 
the author to accelerate early hydration reaction of cementitious materials. Despite the 
practical importance of the kinetics of cement hydration, detailed early age reactions of 
cement-based materials remain imperfectly understood [78-80]. Several mathematical 
models have been suggested to characterize the hydration kinetics of the principal 
components of portland cement such as C3S and C2S. Here, the “Avrami nucleation and 
growth model” [81-83] (sometime also denoted as the “JMAK” model [84]) and the 






2.3.2.1 Avrami Nucleation and Growth Model 
Among others, the Avrami nucleation and growth model [81-83] has been most 
widely accepted to describe the early age hydration rate for tricalcium silicate [86-89]. 
The theory was first treated by Kolmogorov [90], Johnson and Mehl [91], and Avrami 
[81-83] to explain the kinetics of phase change of metals. The main assumptions made 
were that the new phase is nucleated by germ nuclei and that the grain centers of the new 
phase are randomly distributed throughout the matrix.  
Consider that nucleation is spatially random and nuclei grow in a constant linear 
growth rate, G, in any direction forming a sphere. This sphere will have a volume of 
4π/3G3(t-τ)3, where t is time since the start of the total reaction and τ is the time at which 
the particular region nucleated. The “extended” volume fraction, Xe, of all the nuclei can 
be found by summing the individual regions, which can be expressed as Equation (2.2). 
 
X = 45 6 I)G(t − τ)=>? dτ 
 
Here, Iv is the rate of nucleation per unit of untransformed volume. As the nucleation and 
growth process continues, those growing regions will impinge on each other, forming a 
common interface over which there is no growth. Considering impingement, the 
relationship between the “true” volume, X, and the “extended” volume fraction can be 
written as Equation (2.3). 
 





Assuming that the nucleation rate, Iv, is constant with time, a new equation can be 
derived from Equation (2.2) and (2.3), shown in Equation (2.4): 
 
								X = 1 − exp D-5EFGH t4I 	→ 	X = 1 − exp	[(−KLMNO)P] 
 
where kavr is an effective rate constant and the exponent n should be between 3 and 4. 
The rate of transformation can be obtained by differentiating Equation (2.4). For direct 
application to rate data, such as that obtained from isothermal calorimetry, new 
parameters need to be introduced. The hydration rate, R, can then be expressed as 
Equation (2.5): 
 
R = Ȧnk) (t − t?)-Uexp	(−[k)(t − t?)]) 
 
where Ȧ is a normalization constant and t0 is a delay between the time of mixing and the 
time of start of nucleation and growth kinetics. 
Due to its simple mathematical form, the theory has been widely adapted for C3S 
hydration [86-89]. However, the heterogeneous nucleation process that occurs during 
cement hydration may not be best described by a random or homogeneous nucleation 
assumption [92, 93]. Also, this theory assumes that the rate of diffusion of reactants does 
not affect growth rate, which might not hold true at l ter hydration age. These are 
considered shortcomings of the Avrami model at the lat r stage of hydration, where the 





2.3.2.2 Boundary Nucleation Model 
Thomas [92] recently proposed a mathematical C3S hydration model based on the 
boundary nucleation model (BN model) developed by Cahn [85]. The theory, which was 
used originally to describe a solid-solid phase transformation in a polycrystalline 
material, has been shown to give a better approximation of early age hydration kinetics of 
C3S than the Avrami model. The key difference in the assumption is that nucleation is 
permitted to occur only on grain boundaries, unlike th  Avrami model which assumes 
that nucleation occurs at randomly distributed locati ns everywhere within the 
untransformed volume. This, applying to cement hydration, implies that hydration 
products start to grow on available surfaces such as unhydrated cement and fillers. 
Experimental observations of the outward growth of hydration products from the 
hydrating cement grains [94, 95] confirm heterogeneous nucleation. This model was 
developed such that the nucleation and growth kinetics is adopted under the conditions of 
grain boundary nucleation. 
Consider a single planar boundary and assume nucleation occurs at random 
locations on this boundary. Assume another plane parallel to this plane at a distance y. 
The new phase grows as a hemisphere on the initial boundary. When this hemisphere 
intersects the other plane, a circular area with π(G2(t-τ)2-y2) is created. The extended area 
of the intersection between the plane and all regions nucleated on the grain boundary, 





Y = π6 IX(G(t − τ) − y)dτ-YZ?  






where IB is the nucleation rate per unit area of boundary. In order to calculate true area of 
intersection, Y, under the assumption that nucleation s tes are randomly distributed on the 
boundary, the relationship Y=1- exp (-Ye) is applied to Equation (2.6). The volume 
fraction of hydrated phase can be found by integrating Y over the perpendicular distance 
y between the plane and the boundary, presented in Equation (2.7): 
 
26 O)Y	dy = 2O) 6 [1 − exp	(−Y)]dyE?_?  
 
Where Ov
b is the boundary area of a single plane. Now, taking account that there are large 
number of grain boundaries with total boundary area of Ov
B and considering 
impingement from regions originating on different boundaries, Equation (2.4) is applied 
to Equation (2.7), and the true hydrated volume, X, can be expressed as Equation (2.8). 
 
X = 1 − exp `−2O)X 6 (1 − exp(1 − Y))dyE? a 
 
The hydration rate can be numerically differentiating Equation (2.8) with respect to time. 
The BN model accounts for effect of the surface area of the starting material, 
which in the case of hydrating cement or C3S is known to have a strong effect on the 





hydration stage where the rate of hydration is controlled by diffusion rather than 
nucleation and growth. 
 
2.4 Photocatalytic Nitrogen Oxides Oxidation Experiments 
As the use of photocatalytic materials increase, standardized test methods have 
been developed. Although not all researchers directly implement these standards, it is 
helpful to review these as a starting point, and to modify them to meet a specific need 
when planning an experiment.  
 
2.4.1 NOx Removal Test Standards 
2.4.1.1 JIS R 1701-1 
The JIS R 1701-1 standard entitled “Fine ceramics (advanced ceramics, advanced 
technical ceramics) – Test method for air purification performance of photocatalytic 
materials – Part 1: Removal of nitric oxide [98]” can be considered as a pioneer standard, 
established in Japan in 2004, that can be used for cement-based materials for NO removal. 
Japanese researchers are one of the earliest to adopt TiO2 to construction materials, and it 
is not surprising that the standard was first made in this country.  
In this method, a continuous flow of testing gas pases through a reactor where 
samples are placed. UV light is irradiated on top of the reactor, which the top part is UV 
transparent. The NO concentration is measured by a chemiluminescent NOx analyzer at 
the output of the reactor. After the photocatalytic experiment, elution test is performed on 
the test piece to measure nitrate and nitrite ions produced during the reaction. It should be 
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noted that in this standard, any results relating to changes in the test gas is calculated 
based on the elution test results.  
This test utilizes only NO for the experiment at 1ppm concentration. The 
specified temperature is 25.0°C ± 2.5°C. Flow rate of the test gas should be 3.0 L/min 
and relative humidity of 50% is specified. A fluoresc nt lamp that has wavelength range 
from 300nm to 400nm is used for the UV light source and the irradiance at the sample 
surface shall be 10 W/m2. Sample photocatalytic sample should have dimensions of 
49.5mm ± 0.5mm wide and 99.5mm ± 0.5mm long flat plte. The distance between the 
sample surface and the window plate should be 5mm, where the test gas passes through. 
The gas needs to be stabilized under dark condition before UV illumination until the NOx 
concentration is more than 90% of the desired concentration, to account for adsorption 
process. The UV irradiation continues for 5 hours for the photocatalytic reaction. After 
the photoirradiation, flow zero-calibration gas until the NOx concentration reached zero. 
This standard also introduces steps for elution test to measure nitrate and nitrite 
ions produced on the test piece. Using series of equations, results such as the amount of 
NOx removed, NO2 generated, NOx adsorbed, and NOx desorbed by the test piece can be 
calculated.  
 
2.4.1.2 ISO 22197-1 
The ISO 22197-1 standard, entitled “Fine ceramics (advanced ceramics, advanced 
technical ceramics) – Test method for air-purification performance of semiconducting 
photocatalytic materials – Part1: Removal of nitric oxide [99]” was established in 2007, 
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following the JIS standard. This standard is essentially almost identical to the JIS 
standard, making it public to international use.  
 
2.4.1.3 UNI 11247  
More recently in 2010, the Italian organization for standardization (UNI) 
published testing standards for building materials with photocatalytic activity. Three 
standards have been published, as of today, specially focused on cement-based materials. 
Those are UNI 11238-1, titled as “Determination of the catalytic degradation of organic 
micropollutants in air. Part 1: Photocatalytic cementitious materials,” UNI 11247, titled 
as “Determination of the catalytic degradation of nitrous dioxides by photocatalytic 
inorganic materials,” and UNI 11259, titled as “Determination of the photocatalytic 
activity of hydraulic binders. Rhodamine test method.” For the scope of this study, only 
the UNI 11247 [100] is only going to be introduced below. 
The test set-up is similar to JIS/ISO standard, where a constant concentration of 
test gas flows through a reactor while UV light is irradiated and the concentration of test 
gas is measured at the output. The NOx concentration is fixed at 0.55 ppm, with 0.15 
ppm of NO2 and 0.4 ppm of NO, with flow rate at 3 L/min. The UV light intensity is 
twice the JIS/ISO at 20W/m2 on the sample surface. The duration of UV exposure is 
about 1 hour following stabilization time, and the NOx concentration is checked after the 
UV light is turned off to check if it goes back to i s initial value. 
One of the key differences of this standard from the other two is that the test gas 
used is combination of NO and NO2. The advantage of using mixed gas is that it 
simulates a real world environmental condition, so the photocatalytic efficiency results 
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can be used to predict what is happening in real life. This point is important because NO 
and NO2 convert to each other under photocatalytic reaction. However, due to the fact 
that NO and NO2 converts to each other makes it not suitable for analytical work for 
studying detailed oxidation mechanism. The other difference from the JIS/ISO is that this 
standard is specially prepared for cement-based materials. This customized method might 
be more usable than JIS/ISO. Lastly, the results of the UNI method are calculated from 
the NOx plot, given as NOx reduction percentage. Photocatalytic activity could also be 
calculated from gas concentration measurement. Thisis a more direct and practical 
method compared to measuring the amount of byproduct (nitrate and nitrite ions) by the 
photocatalysis.      
 
2.4.2 Method for Current Study 
Each of the standards has its advantages and disadvant ges for an experiment that 
specifically examines a certain properties of a materi l. For this study, experimental setup 
was mostly adopted from JIS/ISO method and results were analyzed similar to UNI 
method. The experimental methods such as sample size, test gas concentration, flow rate, 
and exposure duration were modified to author’s need to better investigate the objectives 







2.5 Durability of Photocatalytic Cement 
2.5.1 Acid Attack 
The final products of the NOx oxidation reaction, nitric acid (HNO3) and nitrous 
acid (HNO2), could be involved in chemical reaction with cementitious substrate, 
eventually causing damage to the material. It is widely accepted that these reaction 
products can be washed away by water (or rain) [12], which is further promoted by the 
hydrophilicity property of TiO2 [101]. However, these acids are detrimental to the 
cement-based materials. Nitric acid is a strong acid that could decompose hydrated and 
unhydrated compounds of cement that are highly alkaline with pH ranging between 12.5-
13.5. When hydrated cement based material is subjected to aggressive acidic solutions 
containing anions such as nitric acid solution, thealkalinity of the pore solution 
decreases.. The decrease in pH then results the surface of cement to a state of chemical 
disequilibrium, eventually destabilizing the hydration products of cement. Calcium 
hydroxide (Ca(OH)2 or CH) decomposes as the pH drops below 12.5, ettringi e 
decomposes at pH below 11, and calcium silicate hydrate (C-S-H) decalcifies as the pH 
decreases, and decomposes at pH values below 9. It was reported that nitric acid forms 
calcium salts that are easily soluble, which facilitates decalcifying effect [102]. The 
calcium salts are removed by leaching out into acid solution. The affected porous layer 
becomes weak in diffusion resistance, loses weight, and loses binding capacity. Nitrous 
acid is a weak acid that has a lower impact than nitric acid, but it could also contribute to 
acid attack. Nitrite ion (NO2
-) from HONO can take part in producing nitrite salt, which 
will be described in the following section in more d tail.  
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 Among all the hydrated cement components, the most pronounced is the 
decomposition of CH; the chemical representation of this reaction under nitric acid attack 
is presented in Equation (2.9). The decomposition of the primary hydration products can 
lead to increased porosity and permeability, with loss of strength and adhesion. Acids can 
also deteriorate limestone aggregates [102].  
 
OHNOCaOHCaHNO 22323 2)()(2 +→+                              (2.9) 
 
The extent of the acid attack depends on the type and chemical composition of the 
cement as well as the pH, or ionic concentration, of the attacking acid [103]. Furthermore, 
soluble calcium salts (Ca(NO3)2 and Ca(NO2)2) that are formed as a result of acid attack 
could contribute to salt crystallization, leading to more damage. This is discussed in 
detail in the following section.  
 
2.5.2 Salt Crystallization  
The product of photocatalysis of NOx can further take part in formation of 
various salts that can eventually result in cracking a d spalling of cementitious materials. 
During the course of photocatalytic NOx oxidation, it is anticipated that the nitrates and 
nitrites combine with calcium ions (Ca2+) that are readily abundant in cement-based 
materials, forming various nitrogenous compounds of calcium (e.g., Ca(NO2)2, 
Ca(NO3)2). These calcium salts are highly hygroscopic, meaning that they can attract 
water, potentially affecting the stability of the surrounding cementitious material. In 
addition they are readily solvable in water, meaning that they can participate in repeated 
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dissolution and recrystallization cycles [104]. Furthe more, in the alkali-rich cement-
based materials, nitrates can combine with alkali ions, forming other highly disruptive 
salts such as NaNO3 and KNO3. The formation of such salts could potentially contribute 
to the degradation of porous materials by salt crystallization. However, the degradation 
by salt crystallization due to photocatalytic oxidat on has not been examined previously. 
Salt crystallization is a phenomenon that porous materials such as cement-based 
materials, masonry, or stone undergo cracking and spalling damage due to crystallization 
pressure of salt crystals in their pores. When the crystallizing pressure of salts exceeds 
tensile strength of a porous material, the damage occurs.  
There are several mechanisms proposed for several dcades to explain this 
phenomenon and the most widely accepted these days is the theory of salt crystallization 
by supersaturation proposed by Scherer [105]. In his theory, condition for the occurrence 
of crystallization pressure is the presence of supersaturation (for precipitation) or 
undercooling (for freezing), and a disjoining pressure between the growing crystal and 
pore wall. A solute in a supersaturated solution has igher potential energy than in a 
corresponding saturated solution, which performs work against an external confining 
surface when the solute crystallizes out of solution [106]. The supersaturation can be 
achieved by several ways. When there is a quick drop of temperature without nucleation 
occurring, the solution becomes supersaturated. Also, more often the case is the 
evaporation of liquid. According to Scherer [105], there can be three cases where 
crystallization pressure affects a material. First is the case of “capillary rise and 
evaporation” when a porous material is in contact with a continuous supply of salt 
solution. The salts in a solution that is drawn into the pores by capillary suction, 
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precipitates as subflorescence and cause damage if th crystallization pressure exceeds 
the tensile strength of a material. Second is “cycli  wetting and drying,” where the water 
supply is from intermittent wetting such as by rain. It should be noted that the damage is 
found to occur during the wetting cycle rather than drying. Last case is delayed ettringite 
formation or growth of C-S-H in the process of cement hydration. Ettringite is expected 
to form during the initial hydration reaction because of addition of gypsum. However, the 
formation of ettringite in hardened concrete is called delayed ettringite formation, where 
crystallization pressure develops in nanometric pores of the paste leading to cracking. 
The supersaturation is reached when a material is heated to a temperature about 70°C to 
destabilize ettringite with respect to monosulfate phases followed by cooling to 20°C. 
This could produce a crystallization pressure about 6 MPa, well excess of the tensile 
strength of concrete. The crystallization pressure of C-S-H growth comes from the fact 
that there is a large increase in volume when di- and tricalcium silicate transforms into C-
S-H. This is often opposed by capillary pressure created by the self-dessication of the 
paste.  
The general form of crystallization pressure, which s the driving force for a 
damage of a material, can be written as Equation (2.10) [105]: 
 
                                                   pb =	cd/ef ln Dg
h
giI	 = 	 jfkl-m                                       (2.10) 
 
where pw is the pressure exerted by the crystal on the surrounding solid matrix, or the 
crystallization pressure, Rg is the gas constant, T is the absolute temperature, Vc is the 
molar volume of the crystal, QE is the solubility product, QS is the lower solubility 
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product, γCL is crystal/liquid interfacial free energy, rp is pore radius, and δ is thickness of 
the film of solution lying between the crystal and the pore wall. The maximum pressure 
can be expected when a large crystal grows in a pore with small entries. If the pore size is 
macroscopic, then QS=K and Equation (2.10) reduces to Equation (2.11) with Q=QE, 
known as Correns’ equation. 
 
     p = 	cd/ef ln DgnI	                                                (2.11) 
 
Here, p denotes a general term for a mechanical pressu , Q is a solubility product, and K 
is the equilibrium solubility for a macroscopic crystal. 
Most salts are reported to cause salt crystallization damage especially when 
subjected to repeated dissolution-crystallization cycles. During the cycles, ion 
concentration tends to increase which makes the salt solution supersaturated [104, 107]. 
The damage is also closely related to the structure of the precipitated salts [104] and pore 
size distribution of a material [105, 108].  
There have been studies on the salt crystallization damage on porous materials. 
Salt scaling of concrete roadways by the use of deicing salts is among them. Usually 
calcium chloride (CaCl2) or sodium chloride (NaCl) is used to lower the frezing point of 
water on the roadways in the winter, which penetrats into porous concrete and cause 
spalling. It gets worse by repeated wet-dry cycles and freeze-thaw cycles. Most often, 
research has focused on salt crystallization by sodium sulfate, sodium chloride, and 
sodium carbonate [106, 109-113]. For example, Scherer experimentally studied the stress 
from crystallization of sodium sulfate salt (thenardite (Na2SO4) and mirabilite 
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(Na2SO4·10H2O) [105]) in stone. This phenomenon can be explained by precipitation of 
salt crystals from the liquid in pore structure of a material. Scherer also proposed 
crystallization pressure theory with the results from damage to rocks due to sodium 
sulfate salts [105]. Chatterji also experimentally demonstrated that a crystal growth 
pressure exerted by sodium thiosulfate pentahydrate (Na2S2O3·5H2O) could break glass 
test tubes without confinement [106]. Thaulow has reviewed the mechanisms of surface 
scaling of concrete due to sodium sulfate salt (thenardite (Na2SO4) and mirabilite 
(Na2SO4·10H2O)) [110]. He compared three existing proposed mechanisms, which are 
solid volume change hypothesis, salt hydration pressure hypothesis, and crystallization 
pressure hypothesis, and concluded that it can only be explained by salt crystallization 
pressure theory. Lewin examined the effect of sodium chloride (NaCl) solution on stone 
[114], and Idorn reported on the effect of seawater on concrete [111]. Haynes et al. has 
performed extensive research on sodium sulfate, sodium carbonate, as well as sodium 
chloride solutions on concrete and mortar samples [112, 113]. More recently, Valenza has 
published review papers on salt scaling [109, 115] which introduces damage mechanisms 
associated with salt crystallization damage in porous materials. 
Other salts, including nitrates, oxalates, and acetates, are known to damage porous 
materials [116-118] such as masonry and ceramics. For example, nitrate (NO3
-) salts are 
known to damage masonry near agricultural lands [117]. Although no published literature 
addresses on the potential for damage by nitrate sal s in cementitious materials, this 
suggests that Ca(NO3)2 salts could also induce cracking on cement and concrete when 
optimal environmental condition is provided. Thus, it is worth investigating if these salts 
are forming after the NOx oxidation, and contribute to scaling by salt crystallization.  
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2.5.3 Carbonation 
Cementitious materials undergo carbonation when they are exposed to 
atmospheric carbon dioxide (CO2) and moisture. Upon carbonation, the chemical 
composition of the surface of a material is altered which is accompanied by changes in 
porosity and inner structure of cement-based materials. Although carbonation does not 
physically degrade cementitious substrate, the changes in chemical composition and pore 
structure might have an effect on durability of photocatalytic cement-based materials. 
The main hydration products such as calcium silicate hydrate (C-S-H) and calcium 
hydroxide (CH), and unhydrated calcium silicates (C3S and C2S) react with CO2 to form 
calcium carbonate (CaCO3 or calcite) [119] (Equation 2.12).  
 
                                                  Ca(OH) 	↔ Ca* +	2OH-                                    (2.12) 
Ca* +	2OH-	 + CO →	CaCO + HO 
(3CaO ∙ 2SiO ∙ 3HO) + 3CO → (3CaCO ∙ 2SiO ∙ 3HO) 
(3CaO ∙ SiO) + 3CO + sHO → SiO ∙ sHO + 3CaCO 
(2CaO ∙ SiO) + 2CO + sHO → SiO ∙ sHO + 2CaCO 
 
The changes in cementitious material during carbonati  can affect photocatalytic 
reactivity since photocatalysis takes place on the surface of a material where UV light is 
irradiated. It has been experimentally determined that cement carbonation decreases the 
rate of pollutant degradation [42, 120]. Lackhoff et al. examined the influence of 
carbonation on the degradation rate of atrazine, and found reduction of photocatalytic 
activity possibly due to decreased specific surface area, decreased atrazine sorptivity, and 
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calcite overgrowth on the cement surface [120]. Chen et al. performed experiments on 
NOx degradation, where they also found reduced photocatalytic efficiency after surface 
carbonation, possibly due to CaCO3 deposition in pores and thus reducing total porosity 
[42]. It is not clear what mechanism is responsible for decreased photocatalytic efficiency 
until now. However, it is anticipated that carbonation occurs simultaneously with the 
previously stated nitric acid attack and salt crystallization. Considering that most of the 
photocatalytic cement applications are in outdoor environment, long term concrete ageing 
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Over the past 15-20 years, interest and use of titanium dioxide (TiO2) in building 
materials has increased [121]. The interest in use of TiO2 in construction materials started 
with additions to white cement due to the mineral’s inherently white color. However, its 
capacity in certain forms for environmental photocaalysis, producing self-cleaning and 
smog-abating properties as well as its ability to exhibit both hydrophobicity and 
hydrophilicity, has widened its application. Study of TiO2 in construction materials as a 
photocatalytic material initiated from the early 1990s [12]. The early studies and 
applications focused on its self cleaning ability, which enabled the facades of buildings to 
remain clean from stains [13]. More recently, interest in its smog-abating property is 
increasing [12, 14-17, 122]. Especially, studies repo t that TiO2 effectively oxidizes 
nitrogen oxides (NOx = NO+NO2), shown by several laboratory studies [14, 15, 122] and 
some pilot projects [16, 17]. Also, TiO2 is reported to effectively oxidize volatile organic 
compounds (VOCs), which negatively affect indoor air quality [43, 44]. This technology 
is already available commercially in cementitious materials among other applications, 
including its use in photocatalytic cement (Italcementi Group) or in concrete paving 
materials [18].  
 55
In commercially available TiO2-containing cementitious materials, the titania can
be present in a surface coating (of varying thickness) or throughout the bulk material, 
where it is typically present at rates of less than 5% by mass. This research focuses on the 
latter method of use, but the results are also applicable to some surface coatings such as 
cementitious overlays (i.e., “whitetoppings”).  
When combined with cement and water, the TiO2 nanoparticles tend to 
agglomerate [123]. However, due to their high surface rea, even when agglomerated, the 
nanoparticles impart high photocatalytic efficiency to the cementitious substrate [123]. It 
is important to recognize that these particles are ch mically inert, in terms of their 
potential to directly react during cement hydration.   
Prior research on TiO2-containing cementitious materials have examined their 
photocatalytic properties, including quantifying the photocatalytic efficiency and 
development of enhancements for this behavior [17, 2 , 22]. However, relatively little 
research has examined the influence of TiO2 nanoparticle additions on the performance of 
the cementitious substrate, although preliminary results do suggest that their use does 
have measureable effects on a range of properties.  For example, Lackhoff et al. [120] 
have reported increased compressive strength of TiO2-modified mortar cubes. More 
recent research by this author and co-workers has demonstrated that TiO2 nanoparticles, 
although chemically inert with cement as noted above, can accelerate cement hydration 
by providing additional surface area for product nucleation (i.e., boundary nucleation 
effect [92]) [32, 124]. Others [125] have examined the abrasion resistance of a TiO2-
cement coating  by loaded-wheel tester and it was concluded that the coating did not 
affect the wear resistance of the surface. Given th growing application of TiO2-modified 
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cementitious systems and their tremendous potential for environmental benefit, it is 
crucial that the performance of this emerging class of materials be examined more 
comprehensively. 
In this research, the effects of the addition of several commercially available TiO2 
nanoparticles on the early and late age properties of cementitious materials were 
examined. At early ages, the influence of their addition on heat of hydration, setting time, 
and early age shrinkage were assessed and at later ages, measurements of surface 
hardness and compressive strength were made, all at varying percentages of TiO2 
addition. The overall aim of this study was to better understand the influence of the TiO2 
nanoparticles in cementitious materials, forming a basis for optimizing cementitious 
composites to achieve desired early age behavior and mechanical properties while 
introducing new functionality. 
 
3.2 Experimental Procedure 
3.2.1 Materials 
TiO2 particles produced by different manufacturers tend to have different 
properties due to different manufacturing processes and treatments. Different 
particle/agglomerate size, dispersability, pH, and composition may affect TiO2-cement 
properties at varying ages. In this research, two TiO2 sources – P25 (Aeroxide TiO2 P25, 
Evonik Industries) and PC50 (Millennium Inorganic Chemicals) – were selected for 
study based on their frequency of usage in cementitious materials, similarity in particle 
size and pH, and their reported photocatalytic efficiency.  
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For both samples, the TiO2 particle size distribution was measured in water 
(Zetasizer Nano, Malvern Instruments, UK) (Figure 3.1). In order to better disperse the 
TiO2 particles, superplasticizer was used at 2% by mass of water, and the slurry was 
ultrasonicated for 1 hour prior to the measurement. No e that the measured particle size 
of TiO2 is in micro-scale, which is expected and is likely due to agglomeration [123]. 
Other properties were obtained from the manufacturer and are listed in Table 3.1.  
The cement used was ASTM C 150 Type Ⅰ portland cement. Table 3.2 presents 
chemical oxide analysis and Bogue potential composition of the cement.  
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Table 3.2—Chemical oxide analysis and Bogue potential composition of cement 
Oxide/Phase Wt(%) Oxide/Phase Wt(%) 
Silicon Dioxide (SiO2) 
Aluminum Oxide (Al2O3) 
Iron Oxide (Fe2O3) 
Calcium Oxide (CaO) 
Magnesium Oxide (MgO) 
Sodium Oxide (Na2O) 
Potassium Oxide (K2O) 
Total Alkali (Na2Oeq) 
Titanium Oxide (TiO2) 











Phosphorus Pentoxide (P2O5) 
Strontium Oxide (SrO) 
Barium Oxide (BaO) 
Sulfur Trioxide (SO3) 
Loss on Ignition 
Insoluble Residue 
Tricalcium Silicate (C3S*) 
Tricalcium Aluminate (C3A*) 
Dicalcium Silicate (C2S*) 











* The cement chemistry notations of these oxides are defined as C=CaO, S=SiO2, 
F=Fe2O3, and A=Al2O3. 
 
3.2.2 Sample Preparation 
For this study, cement paste samples with and without TiO2 nanoparticles were 
prepared. When used, the TiO2 particles were mixed with deionized water for 1 minute 
using a hand-held mixer in a low speed in an attemp to improve their dispersion. Cement 
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was then added to the TiO2 slurry and mixed for 2 minutes at a low speed and other 1 
minute at a medium speed. All the samples were prepared at w/c of 0.50 except for those 
used for measured of setting time by the Vicat method [126]; a w/c of 0.37 was used for 
optimal consistency among the various samples. For P25-cement samples, the TiO2 
powder was dosed at 5% and 10% replacement rate by mass of cement, and PC50-cement 
samples were prepared at 5%, 10%, and 15% TiO2 replacement by mass of cement. 
Dosing rate of 15% of P25-cement was not examined due to difficulties mixing at the 
highest dosage rate examined. Control samples without any TiO2 powder were prepared 
in a similar manner. 
 
3.2.3 Methodology 
Heat of hydration, chemical shrinkage, and setting time experiments were 
performed with P25 and PC50 modified cement pastes to examine the early age 
properties. Compressive strength and microhardness test were performed only with 
PC25 modified cement pastes. 
 
3.2.3.1 Isothermal Calorimetry 
The total heat evolved and rate of hydration were masured by isothermal 
calorimetry (TAM AIR, TA instruments) following ASTM C1702 [127], at 25°C, with a 
precision of ±20µW and accuracy greater than 95%. To prepare the samples, all materials 
and mixing equipment were equilibrated at 23±2°C for 24h before the testing. Less than 
10g of samples were put in plastic ampoules and placed into the calorimetry less than 5 
minutes after mixing with cement. The calorimetry data from the initial 15 minutes after 
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mixing were excluded as some time is required for the samples to become equilibrated 
within the instrument. Measurements were made up to ini ial 80 hours from the start of 
mixing. 
 
3.2.3.2 Chemical Shrinkage 
Chemical shrinkage is the volume reduction that is as ociated with the reaction 
between cement and water. It is proportional to the degree of hydration. The chemical 
shrinkage of cement pastes with TiO2 particles was performed according to ASTM C 
1608-07 Procedure A [128]. For all the mixes, w/c was constant at 0.50. Cement pastes 
were put in glass vials mounted with graduated capillary tube, and placed in an 
environmental chamber where temperature was maintained at 23°C. Readings were 
recorded every 30 min for the first 24 hours, and then 2 hours thereafter up to 50 hours. 
Results are averaged from three replicates for eachmix. 
 
3.2.3.3 Setting Time 
Setting times were measured according to ASTM C 191 Method A [126] using 
Vicat needle. The w/c was remained constant at 0.37among all the samples, which was 
determined for normal consistency of neat ordinary portland cement according to [129]. 
This enables direct comparison between samples with different kinds and addition rates 
of TiO2. The penetration depth was measured every 15 minutes ntil final set with 
measurements at five different locations averaged.   
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3.2.3.4 Compressive Strength 
Compressive strength of cement pastes at different addition rates of TiO2 (P25) 
was determined using half-inch (2.54cm) cubes. Samples were cast in plastic cube molds 
and vibrated for better compaction. The samples were d molded after 1 day of curing at 
100% RH, and then stored in limewater at room temperature (23±2°C) until the 
compression testing. To ensure same condition among all the samples at the time of the 
testing, the samples were remained wet until just prior to testing. A SATEC Materials 
Testing Machine (INSTRON) with a capacity of 100kN (22kips) was used at a loading 
increment rate of 500 lbs/min (226 kg/min). Twelve samples were tested per each group, 
and results were averaged. Samples were tested at 1, 3, 7, 14, and 28 days of age. 
Additional tests were performed on samples of w/c=0.40, 0.50, and 0.60 and TiO2 (P25) 
at 0%, 5%, and 10% dosage rates at 28 days in orderto xamine the effect of w/c and 
TiO2 addition rates. Sample preparation and testing conditi s were the same, but here, 
different Type 1 portland cement was used due to unavailability. The Bogue potential 




Because hardness is directly related to wear resistance, the surface hardness of 
TiO2-bearing cementitious material is of importance for applications such as pavements. 
In addition, surface hardness can be used to assess quality of a cementitious material as it 
relates to variations in composition or environmental exposure [130-133].  
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Vickers microindentation method was performed, following ASTM C 1327-08 
[134], on 5cm x 5cm x 0.8cm (1.97in x 1.97in x 0.31in) TiO2-cement tiles. The samples 
were demolded after 1 day of curing at RH of 100%, and continued to be cured under 
limewater at room temperature (23±2°C) until the time of testing. Samples were tested at 
1, 3, 7, 14, and 28 days of age. Samples tested at 1 and 3 days could only be polished to 1 
µm due to their soft surface, and samples at higher ag  were polished to 0.3 µm, so that 
indentation marks can clearly be identified. The samples were polished immediately 
before testing to avoid spurious effects due to variations in degree of hydration or 
carbonation at the surface. A 1 kgf load was applied and twelve indentations were made 
per sample at each age and averaged.  
 
3.3 Results and Discussion 
3.3.1 Early Age Hydration 
The calorimetry results for 5% and 10% P25-cement pas es, 5%, 10%, and 15% 
PC50-cement pastes, and control neat cement paste are presented in Figure 3.2 (a) and (b); 
the rate of hydration data per gram of cement (i.e., excluding TiO2) for the first 30 h after 
mixing are shown in Figure 3.2 (a) and corresponding cumulative heat data for the first 
80 h are presented in Figure 3.2 (b). These data from Figure 3.2 (a) suggest that the rate 
peak heights were increased and the reaction was accelerated with the addition of the 
chemically inert TiO2 nanoparticles. For example, for the P25-cement pastes, the initial 
rate peak (i.e., that typically associated with C3S reaction) was increased by 53% and 81% 
and the second rate peak (i.e., that typically associated with C3A) was increased by 47% 
and 81%, for the 5% and 10% case respectively compared to neat cement paste. For the 
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PC50-cement pastes, the second rate peaks, which are more apparent, were increased by 
5%, 9%, and 12% for the 5%, 10%, and 15% case respectively compared to neat cement 
paste.  
Comparing the rate peaks among P25-cement paste samples, the occurrence of the 
initial peak was accelerated, or shifted to the left, by 3.42 h and 3.77 h for the 5% and 10% 
case respectively compared to neat control cement paste. For the PC50-cement pastes, the 
rate peaks were accelerated by 0.83 h, 1.26 h, 1.64 h for the 5%, 10%, and 15% case 
respectively compared to neat cement paste. Again, for the PC50 containing samples, the 




Figure 3.2—(a) Hydration rate of P25 and PC50 blended cement pastes (b) Cumulative 
heat of hydration of P25 and PC50 blended cement pastes  
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The effect of TiO2 addition on the degree of hydration can be inferred f om the 
cumulative heat data in Figure 3.2 (b). These indicate that the addition of TiO2 
nanoparticles increase the degree of hydration of cement paste from initial hydration 
throughout 80 hours of data acquired. Qualitatively, higher rate of TiO2 addition resulted 
higher degrees of hydration at all times.  
The cumulative heat of hydration and the degree of hydration, α, of TiO2 
modified cement paste samples at 12 h and 48 h compared to neat cement paste are 
presented in Table 3.3. The degree of hydration wasc lculated by dividing the 
cumulative heat of hydration at a given time by the maximum theoretical heat release (i.e., 
upon 100% reaction). Maximum heat released can be calculated by combining theoretical 
heat of each of the main components of cement at their corresponding mass fraction. The 
reported values of  theoretical heat of each of the components of cement used for this 
study are 490 J/g for C3S, 225 J/g for C2S, 1160 J/g for C3A, and 375 J/g for C4AF [135]. 
A simplifying assumption was made that the remaining mass (i.e., that is not part of the 
four main components of cement) releases an average heat of the four main components. 
Comparing the calorimetry results between the P25 modified cement pastes and PC50 
modified cement pastes, the P25 samples showed faster r te of reaction and greater heat 
evolution than PC50 samples throughout the experiment up to 80 hours. As a result, the 
degree of hydrations for the P25 sample at 5% and 10% dosage rates are higher than 
PC50 5% and 10% samples by 8% and 9% at 80 h. It is believed that this may be due to 
differences in the dispersability of the two nanoparticles examined (Figure 3.1). The 
greater dispersability and small particle size of P25 is thought to provide more surface 
area for nuclei to form on during early hydration [124], thus resulting in a faster rate of 
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reaction. The P25 accelerates the rate of hydration m re than the PC50, reaches higher 
rate peaks, and results in higher degree of hydration than PC50.  
 
Table 3.3–Cumulative heat of hydration and degree of hydration compared to control 
  OPC P25 PC50 
  - 5% 10% 5% 10% 15% 
12 h 
Cumulative heat of 
hydration, J/g cement 
149 204 218 162 172 178 
Degree of hydration, α 0.31 0.43 0.45 0.34 0.36 0.37 
Relative increase, % - 36.62 46.15 8.54 14.99 19.22 
48 h 
Cumulative heat of 
hydration, J/g cement 
262 303 320 274 283 288 
Degree of hydration, α 0.55 0.63 0.67 0.57 0.59 0.60 
Relative increase, % - 15.52 22.12 4.48 7.93 9.88 
 
3.3.2 Chemical shrinkage  
Figure 3.3 shows chemical shrinkage results up to initial 80 h after mixing for 
samples including 5% and 10% P25-cement pastes, 5%, 10  and 15% PC50-cement 
pastes, and neat cement paste. In general, the rate of chemical shrinkage was relatively 
fast through the first 10-20 hours and then slowed down, ultimately reaching a plateau. 
All of the samples that include TiO2 particles resulted greater chemical shrinkage thane 
control neat cement paste sample. The trends in chemi al shrinkage were similar to the 
energy release curve from the calorimetry (Figure 3.2 (b)) as expected, since chemical 
shrinkage is directly related to the degree of hydration. The relative chemical shrinkage 
increase of all the TiO2 cements compared to neat cement paste were calculated at 12 h 
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and 48 h after mixing, presented in Table 3.4. These results suggest that the TiO2 
particles increase the degree of hydration during the length of the test. Comparing percent 
increase of the shrinkage (Table 3.4) and the cumulative heat data (Table 3.3), the values 
are comparable, taking into account the variability of the chemical shrinkage data.  
 
 












Table 3.4 – Chemical shrinkage of P25 and PC50 modified cement pastes  
  OPC P25 PC50 




0.018 0.025 0.028 0.018 0.020 0.022 




0.036 0.039 0.041 0.037 0.039 0.040 
Relative increase, % - 10.74 15.69 4.48 8.92 12.56 
 
The samples containing P25 resulted in greater chemical shrinkage than the 
samples containing PC50. These results are supported by the assessments which showed 
that the degree of hydration of the P25 samples were greater than that of the PC50 
samples at the same TiO2 dosage rate. It is hypothesized, again, that the diff rences in 
dispersion affects the hydration rate and also the chemical shrinkage in these pastes. In 
addition, for both TiO2’s, the higher TiO2 replacement rate resulted in a greater chemical 
shrinkage, which is again similar to the cumulative calorimetry data shown in Figure 3.2 
(b).  
Finally, the rate of hydration can be inferred from the slope of the chemical 
shrinkage curves. P25-containing samples show steeper slope than PC50 containing 
samples or control sample initially up to ~10 hours, indicating faster rate of reaction in its 
early hydration. This can be compared to Figure 3.2 (a), where the peak heights of P25-
containing samples are higher than PC50-containing samples. These results suggest that 
the TiO2 particles increase the degree of hydration during the first 80 hrs examined and 
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overcome any effect of dilution (i.e., reduction in cement content) up to addition level 10% 
for P25 and 15% for PC50.  
 
3.3.3 Setting Time  
Initial and final setting times of TiO2-modified cement pastes were determined 
and compared to data for the neat cement paste control samples. All the samples that 
contained TiO2 nanoparticles exhibited shorter final setting time than the control sample, 
as shown in Figure 3.4. Higher amounts of TiO2 replacement lead to shorter time to final 
set, further indicating that chemically inert nanoparticles accelerate initial cement 
hydration, hence resulting more rapid stiffening of the matrix, even when used as cement 
replacement. The setting time results are also comparable to the calorimetry and chemical 
shrinkage results, where it was shown that the hydration rates of all the samples 
containing TiO2 particles were accelerated and degree of hydration was increased 




Figure 3.4 – Initial and final setting times of ordinary portland cement and TiO2 modified 
cements 
 
Observing the initial setting times of the samples, P25-containing cement pastes 
resulted in shorter initial setting times than the control sample as expected. Higher 
dosages of TiO2 nanoparticles generally shortened the time to set. However, samples with 
PC50 did not follow the expected trend; samples with 5% and 10% PC50 resulted longer 
initial setting times than ordinary portland cement, showing about twice longer time to set 
than P25-containing cement paste at equivalent TiO2 dosage. However, the sample 
containing 15% of PC50 resulted shorter initial setting time than OPC. This different 
behavior between the two TiO2’s might come, again, from variations in their 
dispersability or particle size distribution. It is proposed that the smaller particle size and 
larger surface area of the P25 particles provide a gre ter availability of nucleation sites, 
leading to faster hydration rate and shorter setting time. On the other hand, PC50 has a 
relatively larger particle size that might not contribute as much to the total surface area 
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available for nucleation. Also, surface treatments during production of different TiO2’s 
might have an effect in hydration rates. It is know that chloride and sulfate processes are 
the two most common manufacturing methods to extract and purify TiO2 from ore [136], 
and those ions could have dissolved into the mixing water and affect hydration of cement 
[32]. Moreover, the TiO2 replacement for cement causes a dilution effect, and this 
reduction in the cement content can contribute to the delayed initial setting time for the 5% 
and 10% cases. It can be understood that at higher dosages of PC50 enough additional 
surface area is provided allowing for the hydration reaction to be accelerated to an extent 
which overcomes the cement dilution effect.  
Comparing the setting time data with calorimetry and chemical shrinkage data, it 
can be inferred that early hydration acceleration, or increase of degree of hydration (α), 
shown in Figures 3.2 and 3.3 does not necessarily relate to shorter setting time. This is 
because setting time accounts for decreased amounts f cement due to TiO2 replacement, 
that tends to offset acceleration, while calorimetry and shrinkage data are normalized by 
gram of cement. 
 
3.3.4 Compressive Strength 
Compressive strength of cement cubes containing 0%, 5%, and 10% TiO2 (P25) 
was measured at 1, 3, 7, 14, and 28 days of age at w/c=0.50 (Figure 3.5). In general, the 
average compressive strength for each composition increased until 14 days and reached a 
plateau thereafter at ~5500-6000 psi. The high standard eviation that is observed is 
likely due to the small physical specimen size. Imperfections such as air voids or uneven 
surfaces in small specimen could affect the strength more than larger specimen. In order 
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to compare samples with high standard deviations, si gle factor analysis of variance test 
(ANOVA test) was performed with data at 28 days of curing. Significance level was set 
to 5% and samples between 0%-5%, 5%-10%, and 0%-10% were compared. The P 
values were calculated to be 0.27, 0.76, and 0.44 for 0%-5%, 5%-10%, and 0%-10% 
cases respectively, all exceeding the significance lev l at 0.05. The results indicate that 
the compressive strength of each case at 28 days can be considered the same, despite the 
fact that 5% and 10% cases contain less amount of cement than the control. This suggests 
that the TiO2-modified cement not only accelerates the early hydration rate as examined 
by calorimetry, shrinkage, and setting time testing, but also gives comparable strength to 
ordinary portland cement.       
 
 




Additional testing was performed to examine the effect of varying w/c on 
compressive strength at 28 days. The strength results are shown in Figure 3.6. From the 
figure, it can be concluded that the higher water content resulted in decreased strength at 
all TiO2 addition rates. This is expected and generally known behavior because high 
water content increases porosity which decreases str ngth. Here, the trend of each w/c 
was examined with varying addition rates of TiO2. In order to quantify the data, single 
factor ANOVA was performed again at 5% significant level. For the w/c=0.40 case, the P 
values were calculated to be 0.155 and 0.018 for 0%-5% and 5%-10% respectively, 
indicating that the strength was increased between 5% and 10%. In case of w/c=0.50, the 
P values were 0.330 and 0.017 for 0%-5% and 5%-10% respectively, indicating that 
strength decreased between 5% and 10%. In case of w/c=0.60, the strength were found to 
remain the same with the P values calculated to be 0.164 and 0.419 for 0%-5% and 5%-
10% respectively. The strength increase with TiO2 addition, as with the case of w/c=0.40, 
was also reported in literatures. Lackhoff et al. observed 20% strength increase on mortar 
cubes when the same type of TiO2 was used at 10% and at w/c= 0.5 [120]. Nazari et al. 
also found that nano-TiO2 addition up to 2% increased the compressive strength of 
concrete [137]. It is proposed that the strength enancement of w/c=0.40 case can be 
explained by the addition of well-dispersed high surface nanoparticles, which gave more 
uniform and complete hydration of cement [32]. These nanoparticles might also improve 
particle packing of cement paste thus participate in increasing the strength, which 
compromise the lesser cement content [138, 139]. Interestingly, w/c=0.50 case resulted in 
decreasing compressive strength with increasing TiO2 dosing rate. However, this can be 
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thought of as a minor decrease considering that no apparent strength decrease was found 
from the w/c=0.60 case. The slight decrease of streng h found from w/c=0.50 case and 
possibly from w/c=0.60 case could be due to higher replacement rate of TiO2 that 
resulted in decreased cement content. This is related to dilution effect and the strength is 
expected to decrease more at higher replacement level. These results demonstrate that 
addition of nano-TiO2 up to 10 wt.% could potentially increase the compressive strength 
of cementitious materials at w/c=0.40 or lower, possibly due to microstructure 
modification or particle packing effect. Also, it was shown that TiO2 replacements level 
up to 10% by mass of cement does not sacrifice strength at higher w/c up to w/c=0.60, 
despite the fact that the cement content is reduced by the substitution with TiO2.    
 
 





Figure 3.7 shows the surface microhardness of the 0%, 5%, and 10% TiO2 (P25) 
containing cement paste samples at 1, 3, 7, 14, and 28 days of age. For all the samples, 
the hardness increased significantly until 14 days and reached a plateau, which is similar 
to the compressive strength development trend. However, unlike strength development, 
there is a considerable difference between samples with different TiO2 usage rates. 
Specifically, the surface hardnesses of 5% and 10% TiO2-cement samples were less than 
neat cement samples by 26% and 44% at 28 days of age. This reduction in surface 
hardness is significant, particularly considering the percentage of TiO2 particles that 
replaced the cement.  
In addition, the hardness development rate, or the slope of curve, is observed to be 
different. In all of the cases examined, an initial h rdness of 8-9 was measured at 1 day. 
But the hardness of 0% case increased at a faster than the others, with the 10% case 
showing the slowest hardness development rate. It is likely that the lesser cement content 
in the paste with higher TiO2 percentage could have affected the hardness. Some other 
factors such as poor bonding strength between TiO2 powder and hydrated cement phases 




Figure 3.7 – Microhardness of 0%, 5%, and 10% TiO2-cement samples 
  
It is generally understood that microhardness of a cementitious materials is 
directly related to compressive strength [130, 140-2]. However, in this study, it is 
interesting to note that the lower hardness values associated with TiO2 replacement are 
not predicted by comparing the compressive strength results for these pastes. Further, 
Vassou et al. reported that the abrasion resistance of oncrete is directly related to the 
microhardness of a matrix [143]. This indicates that the samples with lower 
microhardness, such as in 10% TiO2 case, may have poor abrasion resistance as concrete. 
However, there is also a general agreement that abrsion resistance increases with higher 
compressive strength [30, 144, 145], suggesting that e samples will have similar 
abrasion resistance.  
In light of these conflicting indications regarding abrasion resistance, these results 
suggest that a more comprehensive investigation on abrasion resistance is warranted for 
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TiO2 modified cement-based materials. To generally improve abrasion resistance, it is 
recommended that low w/c be used for high compressiv  trength and high hardness. 
Also, following proper finishing procedures and proer curing procedures should 
enhance abrasion resistance of TiO2 modified cementitious materials [145].   
 
3.4 Conclusions 
TiO2-containing cement paste samples were experimentally examined to assess 
early age behavior and hardened mechanical properties. Two different TiO2’s (P25 and 
PC50) were examined and their early age behavior was compared at different cement 
replacement rates. Based on the results of this study, he following conclusions are drawn: 
 
• Early age (up to 80 hours) heat of hydration and chemical shrinkage data suggest 
that early hydration reaction rates were accelerated in the presence of TiO2 
nanoparticles. Higher TiO2 dosages resulted greater acceleration (up to ~3.5 hrs) 
and increased degree of hydration (up to nearly 50% increase) compared to 
ordinary cement. From this study, the P25 accelerated the hydration more than the 
PC50, and also produced higher degree of hydration tha  PC50 modified cement 
samples, likely due to its greater dispersability.  
• All of the TiO2-modified cements examined exhibited shorter final setting time 
than the control. In terms of initial setting time, P25 samples had shorter setting 
time than control while 5% and 10% of PC50 samples had longer setting time. 
This suggests that setting behavior is again controlled by dispersability or particle 
size distribution.  
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• Use of TiO2 nanoparticles (P25) in cementitious materials does not compromise 
compressive strength when added up to 10% weight replac ment of cement at w/c 
of 0.50 and 0.60. Further, compressive strength increases with TiO2 addition up to 
10% in case of w/c=0.40.  
• The microhardness of cement was heavily affected by TiO2 dosage rates, unlike 
compressive strength. 10% weight replacement resulted 44% decreased hardness 
than control at 28 days. It is recommended that this type of materials be used in 
places where the chance of scratching or indenting is low. Relationship between 
hardness and surface roughness should also be investigat d along with strength.     
 
Observations such as above suggest that TiO2 nanoparticles can be used in cementitious 
materials to alter various properties such as hydration rate, setting time, strength 
development, and hardness. These data suggest that the dosage rate and particle size 
distribution of TiO2 nanoparticles, and perhaps other inert particles, an be optimized to 
achieve specific early age behavior as well as hardene  properties.  
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INFLUENCE OF TIO 2 NANOPARTICLES ON  
EARLY ALITE AND BELITE HYDRATION 
 
4.1 Introduction 
In this research, the influence of addition of chemically inert nano-anatase 
titanium dioxide (TiO2) particles on early age hydration of tricalcium silicate (C3S, or 
alite) and dicalcium silicate (C2S, or belite) was examined. Tricalcium silicate 
(3CaO·SiO2 or C3S) is the largest component by mass (~50-70%) of ordina y portland 
cement, followed by dicalcium silicate (3CaO·SiO2 or C2S). These phases hydrate to 
form calcium silicate hydrate (C-S-H), as well as clcium hydroxide. Because C-S-H is 
the primary binding component in cement-based materials, improved understanding of 
the hydration kinetics of C3S and C2S is central to understanding behavior of 
cementitious composites [80, 146-148].  
Worldwide, applications of photocatalytic TiO2, such as the nano-anatase form 
examined here, are increasing [14, 16, 50, 149], due to its ability to impart smog-abating, 
self-cleaning, and biocidal capacities to ordinary cement-based materials. The 
photocatalytic reactions are especially efficient in nano-crystalline form [8, 18]. A recent 
preliminary study [50] has suggested that the inert TiO2 nanoparticles may accelerate 
portland cement hydration, but the mechanism for this effect was not examined. The 
modification of the rate of hydration forms the basis for anticipating the influence of such 
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chemically inert nanoparticles on setting time, rate of strength gain, dimensional stability, 
and durability.  
In terms of the C2S hydration, the proposed acceleratory effect could f rther 
affect the amount of carbon dioxide (CO2) emissions and contribute to sustainable 
development. Cement production produces about 5% of the total global anthropogenic 
CO2 [150]. Production of clinkers that are relatively rich in belite (β-C2S), at the expense 
of the typically more common alite (C3S), can be part of a comprehensive strategy to 
decrease CO2 emissions associated with cement manufacture both by allowing firing at 
lower temperatures (saving energy and CO2 emissions associated with energy production) 
and by reducing the amount of CaCO3 decomposed [151]. Because the reaction rate of 
belite is slow compared to alite, many researchers ave been interested in improving 
strength development rate of belite-rich cements at early ages. The influence of reactive 
agglomerated dry nanoalumina particles and reactive colloidal nanoalumina on belite 
cements was examined by Campillo et al. [34]. The mchanical strength of mortar 
samples increased by 142% and 84% at 7 days and 119% and 113% at 28 days for dry 
alumina and colloidal alumina respectively compared to control sample, likely due to a 
refinement of the microstructure and the formation of additional phases. The influence of 
silica (SiO2) nanoparticles to ordinary portland cement has been examined by several 
researchers [26, 27, 152], and nano-SiO2 was found to improve the mechanical properties 
of cement-based materials.  
In this study, the effect of addition of chemically inert TiO2 nanoparticles on C3S 
and C2S hydration is examined. The objective of this research is to investigate whether 
the additional surface area provided by nano-sized TiO2 influences the C3S and C2S 
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hydration examined by isothermal calorimetry, and if it could be captured by 
mathematical modeling in case of C3S. The aim is to better understand the influence of 
the nanoparticles on hydration of portland cement. Additionally, results here could 
potentially extend the contributions of photocatalytic titania nanoparticles with respect to 
sustainable development.  
The first part of this study experimentally investigates the hydration rate of the 
C3S and C2S in the presence of nano-TiO2 by isothermal calorimetry method. The later 
part of this study uses C3S calorimetry data and examines kinetics of C3S hydration by 
mathematical modeling.  
 
4.2 Theoretical Background 
The early hydration kinetics of cement are of fundamental importance to 
understanding the behavior of cement-based materials, as they influence 
nano/microstructural evolution, setting time, dimensio al stability, strength development, 
and durability. Despite the practical importance of the kinetics of cement hydration, early 
age reactions of cement-based materials remain imperfectly understood [78-80]. Several 
mathematical models have been applied however, to chara terize the hydration kinetics 
of the principal component of portland cement, C3S. Here, the “Avrami” nucleation and 
growth model [81-83] (sometime also denoted as the “JMAK” model [84]) and the 
boundary nucleation model (BN model) [85]  will be considered for both the C3S and C2S 




4.2.1 Avrami Nucleation and Growth Model 
Among others, the Avrami nucleation and growth model [81-83] has been most 
widely accepted to describe the early age hydration rate for tricalcium silicate [86-89]. 
The theory was first treated by Kolmogorov [90], Johnson and Mehl [91], and Avrami 
[81-83] to explain the kinetics of phase change of metals. The main assumptions made 
were that the new phase is nucleated by germ nuclei and that the grain centers of the new 
phase are randomly distributed throughout the matrix. Due to its simple mathematical 
form, the theory has been widely adapted for C3S hydration [86-89]. Only the final forms 
of the equations will be introduced here.  
The transformed volume fraction X as a function of time can be written as,  
 
      ( )[ ]navrtkX −−= exp1                                  (4.1) 
 
where the effective rate constant kavr, as proposed by Avrami, is a function of constant 
linear growth rate, G, and either of the rate of nucleation per unit of untransformed 
volume, Iv, or the number of nuclei per unit volume, Nv
0, and n is an exponent that 
depends on the dimensionality of the product that forms. 
The hydration rate, which can be obtained by differentiating Equation (4.1) with 
respect to time, can be written as, 
 







−&                              (4.2) 
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where R is the hydration rate, Ȧ is a normalization constant to match isothermal 
calorimetry data, and  t0 is the time delay between the time of mixing and the start of 
nucleation and growth kinetics. While the Avrami model has been used widely to 
describe C3S hydration, the deceleration period of the rate curve is not accurately 
described by this model. The heterogeneous nucleation process that occurs during cement 
hydration may not be best described by a random or homogeneous nucleation assumption 
[92, 93].  
 
4.2.2 Boundary Nucleation Model 
Thomas [92] recently proposed a mathematical C3S hydration model based on the 
boundary nucleation model (BN model) developed by Cahn [85]. The theory, which was 
used originally to describe a solid-solid phase transformation in a polycrystalline 
material, has been shown to give a better approximation of early age hydration kinetics of 
C3S than the Avrami model. The key assumption is that nucleation is permitted to occur 
only on grain boundaries, unlike the Avrami model which assumes that nucleation occurs 
at randomly distributed locations everywhere within the untransformed volume. 
Experimental observations [94, 95] of the outward growth of hydration products from the 
hydrating cement grains confirm heterogeneous nucleation. The BN model also accounts 
for effect of the surface area of the starting materi l, which in the case of hydrating 
cement or C3S is known to have a strong effect on the hydration k netics [96, 97]. For the 
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Note that y and Ye are temporary variables that disappear after integra ion.  In 
Equation (4.3), X depends on just three well-defined physical parameters:  G, the linear 
growth rate of transformed phase, IB, the nucleation rate per unit area of untransformed 
boundary, and Ov
B, the boundary area per unit volume. 
In order to apply the BN model to C3S hydration rate data, some slight 
modifications must be made [92]. The integration in Equation (4.3) must be performed 
numerically, and then Equation (4.3) should be differentiated numerically with respect to 
time to obtain the transformation rate, dX/ t.  Here, the normalization constant Ȧ and the 
time constant t0, described above in conjunction with the Avrami model (Equation (4.2)), 
are also introduced. Note that this is a modified vrsion of Thomas’s equation [92] so that 
time delay t0 can be introduced.  
The three physical parameters Ov
B, IB, and G are correlated such that the kinetic 
profile is described by two independent rate constant  kB and kG as proposed by Thomas 
[92]:  
          ( ) 4/34/1 GOIk BvBB=                            (4.4) 
           kG = Ov
BG         
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If any one of the physical parameters in Equation (4.4) are known independently, 
then the other two can be calculated from the fitted values of the rate constants. For the 
case of a hydrating C3S paste, the value of Ov
B can be calculated by dividing the 
measured surface area of the powders by the calculated volume occupied by the 
hydration products after complete hydration, allowing G and IB to be determined from the 
fits.    
Each of the rate constants represents different physical behavior: kB describes the 
rate of transformation on the grain boundaries (the surface of particles), whereas kG
describes the rate of transformation in the bulk matrix (the pore space between the 
particles). The ratio of these two rate constants (kB/kG) determines the shape of the rate 
curve and can be used to identify the type of kinetic behavior. Unlike the curve from 
Avrami model which is symmetrical in shape, the kB/kG ratio of BN model gives a 
“skewness” to the curve, which better approximates ctual kinetic behavior, especially in 
the deceleration period. As kB/ G approaches zero, it can be predicted that the hydrate  
products will form evenly throughout the paste, approaching the conditions of the Avrami 
model. As kB/kG increases, it can be predicted that the hydrated pro ucts will be densely 
populated on or very near the nucleation sites (i.e., the C3S surface in the case of C3S 
hydration). Figure 4.1 shows graphically the influenc  of kB/kG value of 0.1, 1.3, and 3 on 




Figure 4.1 — Boundary nucleation model fits to experim ntal rate curve at  
(1) kB/kG = 0.1, (2) kB/kG = 1.3, and (3) kB/kG = 3 
 
4.3 Materials and Experimental Procedure 
 Pure tricalcium silicate (C3S) powder was obtained from Mineral Research 
Processing in Meyzieu, France. Sample purity was determined to be 99.68% by 
quantitative x-ray diffraction (QXRD) under Cu-Kα radiation (Figure 4.2). Pure belite 
(β-C2S) powder, stabilized by boron trioxide (B2O3), was obtained from CTLGroup in 
Skokie, IL; this is the form of dicalcium silicate (C2S) typically found in portland cement. 
Sample purity was 100.00% determined by QXRD under Cu-Kα radiation (Figure 4.3). 
The belite powder was ground to 100% passing No.325 sieve (45µm).  The anatase 
titanium dioxide used (AMT-100 from Tayca Corp) was 93% pure, with an average 
crystal size of 6 nm and a pH of 7.0, as stated by the manufacturer. A neutral form of 
TiO2 was utilized for this study to avoid any possible effect of acidity on hydration rate. 
ASTM C 150 Type I portland cement was used for a comparative study, the potential 
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Bogue composition of which was 51.30% C3S, 19.73% C2S, 8.01% C3A, and 9.41% 
C4AF. (Note that the cement chemistry notations of these oxides are defined as C=CaO, 
S=SiO2, F=Fe2O3, and A=Al2O3.)  
 The nitrogen BET surface area of the C3S, C2S and the TiO2 were measured at  -
196°C using a surface area and porosimetry analyzer (ASAP 2020, Micromeritics, 
Norcross, GA). The samples were degassed at 200°C for 18 hours. The BET surface area 
of the C3S, C2S and the TiO2 was measured to be 1.59 m
2/g, 2.81m2/g, and 611.54m2/g 
respectively. Particle size distribution of TiO2 was measured in water by Zetasizer Nano 
(Malvern Instruments, UK) (Figure 4.4). In order to better disperse the TiO2 particles, 
superplasticizer was used and the solution was ultrasonicated for 1 hour prior to the 
measurement. Note that the measured particle size of TiO2 is in micro-scale, which is 
likely due to agglomeration.   
 
 
Figure 4.2 — Diffraction pattern for C3S sample compared to reference pattern for C3S 
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Figure 4.3 — Diffraction pattern for C2S sample compared to reference pattern for C2S 
 
 
Figure 4.4 — Particle size distribution of TiO2 powder 
 
Four different C3S pastes were prepared at 0, 5, 10, and 15% addition rate of TiO2 
by mass. It should be noted that the TiO2 was dosed in addition to, not by weight 
replacement for, C3S. This approach simplifies interpretation of calorimetry data by 
keeping the C3S content constant – and hence the cement surface area constant – amongst 
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the samples, while allowing for the examination of increasing amounts of chemically 
inert TiO2. The water-to-cement ratio (w/c) was kept constant at 0.50, which resulted in a 
stiffer mix as more of the high surface area TiO2 was added. 
Similarly, three different C2S pastes were prepared. Three C2S pastes were 
prepared at 0%, 5%, and 10% addition of TiO2 by mass of C2S, each added with 2% 
calcium chloride (CaCl2) to accelerate the reaction [153-156]. The accelerator addition 
was made in an attempt to make results available at an earlier age. Again, TiO2 was 
added to, rather than in replacement for, C2S to better understand and compare the effect 
of addition of chemically non-reactive nanoparticles. Additionally, one C2S paste was 
prepared without either TiO2 or CaCl2 as a control. All the pastes were mixed at water-to-
cement ratio (w/c) of 0.50.  
To prepare the samples, all materials and mixing equipment were equilibrated at 
20°C for 24h before the testing. In case of the C2S pastes, the CaCl2 solution was first 
made with deionized water at 4% mass aqueous solution. It resulted in a 2% mass 
addition of CaCl2 with respect to the mass of C2S for the corresponding samples. Then, 
TiO2 powder was added to the solution and hand mixed for 1 min for dispersion. Next, 
C3S or C2S powder was added and hand mixed for another 2 min. Samples were put in 
plastic ampoules and placed into the calorimeter less than 5 minutes after mixing with 
C3S or C2S. The calorimetry data from the initial 15 minutes after mixing were excluded 
as some time is required for the samples to become equilibrated within the instrument. 
The identical procedure was performed on ordinary portland cement pastes with 0, 5, 10, 
and 15% TiO2 addition for the comparative study. The heat of hydration was measured 
by isothermal calorimetry (TAM AIR, TA instruments, New Castle, DE) at 20°C, with a 
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precision of ±20µW and accuracy greater than 95%.  
When operating the calorimeter, special handling was employed for the C2S 
pastes, because of very slow and subtle hydration reaction. Each channel of the 
isothermal heat conduction calorimeter is constructed in twin configuration with one side 
for the sample and the other side for a static reference. The heat evolution is measured by 
comparing the difference between the heat flow of the sample and reference ampoules. In 
order to ensure a stable base line and to accurately cquire long term heat data, an inert 
material with approximately the same heat capacity as the sample was placed in the 
reference ampoule [157, 158].  Heat capacity of reference ampoules were matched with 
sample ampoules by using deionized water of equivalent heat capacity in reference 
ampoules as sample pastes. This method facilitates more accurate measurements of the 
heat of early C2S hydration as compared to using empty reference ampoules. The specific 
heat of fresh C2S paste containing TiO2 powder (Cp
paste) can be calculated according to 
simple law of mixtures [159] as: 
 
       C =	xbCb +	xt1uCt1u +	x/01C/01                           (4.5) 
 




TiO2: specific heat of water, C2S, and TiO2 respectively. For this study, 
4.18 J/(gK) was used for Cp
water, 0.74 J/(gK) was used for Cp
C2S [160] after linear 
interpolation, and 0.71 J/(gK) was used for Cp
TiO2, all at 20°C. The calculated specific 
heat of C2S pastes that were used were 1.89 J/(gK), 1.85 J/(gK), and 1.81 J/(gK) for 0%, 
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5%, and 10% TiO2-C2S pastes respectively. The effect of addition of CaCl2 was 
neglected in this calculation due to its small contribution. 
 
4.4 Results and Discussion 
4.4.1 C3S Calorimetry Data 
Figure 4.5 (a) and (b) show the rate of hydration per gram of C3S and ordinary 
portland cement respectively, for the first 30h after mixing for each of the pastes 
examined; corresponding cumulative heat data for the first 60h is presented in Figure 4.6 
(a) and (b). Recall that the C3S/cement content and w/c for each paste remains constant, 










Figure 4.5 — (a) Hydration rate of TiO2-blended C3S pastes  




Figure 4.6 — (a) Cumulative heat of hydration of TiO2-blended C3S pastes  
(b) Cumulative heat of hydration of TiO2-blended cement pastes 
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These calorimetry data for C3S pastes show that the rate peak heights (or greatest 
power evolved with time) were increased with the addition of the inert TiO2 
nanoparticles. The increases in peak height were 18, 29, and 31%, when comparing the 5, 
10, and 15% TiO2 cases to pure C3S paste. The increases were greater than in case of 
cement pastes, where C3S comprised ~50% of the cement by mass. Increases of 9, 19, 
and 30% in peak height at 5, 10, and 15% TiO2 addition were found when compared to 
the ordinary cement paste.  
When examining the time at which the peak heights occur, differences in behavior 
are noticed depending upon the amount of TiO2 introduced to the paste.  The peaks in the 
C3S rate curve occur at 7.18, 8.78, 6.87, and 5.67 hrs after mixing, respectively, for 0, 5, 
10, and 15% TiO2 cases. That is, for the 10 and 15% TiO2 pastes, the occurrences of 
these peaks were accelerated by 19 and 91 minutes. In contrast, a 96-minute delay in 
reaching this peak height was observed in the 5% TiO2 paste. This delay in the 5% TiO2 
case also resulted in a lengthening of the duration of the “induction period [161].” It 
should be noted that this delay was not seen with ordinary portland cement pastes with 
TiO2 or in the C3S cases with higher fractions of TiO2. 
The apparent initial retardation effect – where a longer induction period is found 
but without a reduction rate peak heights – for the5% TiO2 case warrants further 
consideration. Most inorganic hydration retarding admixtures function by forming 
protective layers at the cement grain surface, limiting the rate of early dissolution. 




F-, which will form calcium salts of sufficiently low solubility; when these precipitate on 
the surface of cement or, in this case, C3S grains, early hydration is slowed [161]. 
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Knowing that the “sulfate process” is one of the most common manufacturing methods to 
extract and purify TiO2 from ore [136], it may be hypothesized that sulfate ions present 
on the surface of TiO2 could be dissolved into the mixing water and later adsorbed onto 
C3S particles or precipitated into insoluble calcium sulfate where the calcium ions would 
be provided during the initial dissolution of the C3S. In ordinary portland cement pastes, 
this retardation effect is likely insignificant because the sulfate ions are preferably 
consumed by the also rapidly reacting tricalcium aluminate (C3A) phase. Thus, it is 
proposed that the retardation observed in this study with the 5% TiO2 addition can be 
considered as an artifact of a highly simplified system, containing C3S only. Furthermore, 
it is proposed that at the higher addition rates (10 and 15%),  the additional nucleation 
sites provided (as will be discussed further below) promote hydration reactions, and 
counteract or overwhelm the retardation effect, showing a net acceleration.  
A simple experiment was performed using ICP-OES (Optima 7300 DV, Perkin 
Elmer) to detect the presence of ions which could act to retard hydration. TiO2 was mixed 
with deionized water with the same mass proportion as the 10% TiO2-C3S mix and 
ultrasonicated for 30 minutes. The TiO2 water was then filtered to 0.2 µm (MF75 series 
filter, Nalgene). Analysis of the filtrate by ICP-OES detected 36 mg/L of sulfur (peak 
wavelength of 180.669 nm). Another simple experiment was performed to examine if the 
sulfur present was the source of sulfate ions. The filtered TiO2 water, same as the one 
used for the ICP-OES, was mixed with 10% wt. barium chloride solution. As soon as the 
barium chloride solution was poured to the TiO2 water, the solution became foggy and 
white precipitate settled down with time, which is in oluble barium sulfate. This method 
is known for detection of sulfate ions, and this confirms that the sulfate ions are present 
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on the surface of TiO2 particles. The presence of the sulfates is presumed to result from 
the extraction and purification of the TiO2 and is presumed to be the source of the 
retardation observed in the 5% addition case.   
While this delay in 5% TiO2 paste hydration results in a lower cumulative heat 
evolution during the first few hours relative to the pure C3S paste (Figure 4.5(a)), an 
equivalence with the ordinary paste is achieved by 10.1 hrs. In fact, all the pastes 
containing TiO2 experience greater heat evolution than the control C3S paste before the 
rate of energy evolution begins to slow. This is alo true for the portland cement pastes 
containing TiO2; all the pastes experienced greater heat evolution tha  the control cement 
paste (Figure 4.5(b)). However, it should be noted that the effect of addition of TiO2 is 
greater in case of C3S pastes, presumably due to high content C3S and its relatively 
greater reactivity at early ages than other phases present in portland cement.       
The degree of hydration, α, of a C3S paste can be calculated by dividing the heat 
of hydration at a given time by the enthalpy of reaction of C3S (∆H=-121kJ/mol [78]).  
The values of α at 12 and 24 hrs for each paste are listed in Table 4.1. The increasing α
with higher addition rates of TiO2 further quantify the acceleratory effect of the 
nanoparticle addition. In particular, increases in 12-hr. α by 14, 35, and 46%, 
respectively, for 5, 10 and 15% TiO2 when compared to the reference paste are notable. 
By 24 hrs, the acceleratory effect of the TiO2 is less than at 12 hrs; increases in α at 24 
hrs are 21, 27 and 31%, respectively, at 5, 10 and 15% TiO2, when compared to the 
reference C3S paste. These data suggest that the addition of TiO2 nanoparticles to C3S 
paste meaningfully affects early age hydration, potentially decreasing the time to set and 
increasing the rate of early strength development. Although the increases in the degree of 
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hydration of portland cement pastes are not as significa t as C3S pastes as can be seen 
from Figure 4.5, these data suggest that the setting time and early strength development 
can be tailored, if desired, using TiO2 nanoparticles.  
 
Table 4.1 — Cumulative heat of hydration and degree of hydration, α, of  
TiO2-blended C3S pastes at 12 and 24h. 
TiO2 added (%) 
Cumulative heat (12h)  
(kJ/mol) α (12h) 
Cumulative heat 
(24h)  (kJ/mol) α (24h) 
0 45.15 0.37 58.15 0.48 
5 50.23 0.42 69.70 0.58 
10 60.26 0.50 73.73 0.61 
15 64.94 0.54 76.18 0.63 
 
4.4.2 C2S Calorimetry Data 
The rates of heat evolution of the various C2S pastes are shown in Figure 4.7 per 
gram of C2S up to 90 days. Corresponding cumulative heat datais presented in Figure 
4.8. The data were obtained every minute up to initial 5 hours, every hour up to 10 days, 





Figure 4.7 — Hydration rate of TiO2-blended C2S pastes  
 
Figure 4.8 — Cumulative heat of hydration of TiO2-blended C2S pastes  
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Comparing the rate of hydration of the neat C2S pastes with and without CaCl2 in 
Figure 4.7, it seems that CaCl2 resulted in retardation in the rate of C2S hydration, rather 
than the desired acceleration. While for the pure C2S paste, data is only available through 
35 days, it does appear that an induction or latent period, visualized as the period 
surrounding a local minima in Figure 4.7, may be observed to occur at about 15-20 days. 
For the C2S paste with CaCl2, this occurs later, at about 30-40 days. Following the 
induction period, the rate peak occurs at about 30 days for pure C2S paste and 60 days for 
C2S paste with CaCl2, showing 30 days of delay. This is contrary to the general findings 
[153-156] where researchers found that CaCl2 accelerates the rate of β-C2S hydration. 
However, Singh et al. [162] reported that CaCl2 retards the highly reactive β-C2S that is 
prepared at 900°C from decomposition of calcium silicate hydrate, possibly due to 
adsorption of calcium chloride on the surface of β-C2S, making the surface less reactive. 
Palou et al. [163] have observed a retardation effect of CaCl2 on calcium sulfoaluminate 
belite cement due to the increase of pH of pore solution. The effect of CaCl2 on the rate 
of C2S hydration needs to be further studied. Nonetheless, despite the regrettability of the 
CaCl2 addition, the general trends in hydration rate with increasing nanoparticle addition 
can be examined by comparing among the pastes containing CaCl2, where the titania 
dosage varied from 0%, 5%, and 10%. 
While the neat C2S paste with CaCl2 shows long induction period and a subtle 
increase in the heat of hydration, both pastes containi g TiO2 nanoparticles clearly show 
induction periods occurring at ~3 days, followed by increasing rate of hydration reaching 
a rate peak (or local maxima) at about 40 days. These calorimetry data show that the 
hydration was accelerated about ~20 days with the addition of the inert TiO2 
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nanoparticles. This acceleratory effect in the presence of the nanoparticles is in 
agreement with prior results by the authors [32], where the hydration of C3S was 
accelerated with the addition of same type of TiO2.  
In addition, because the authors understand that the specific manufacturing 
process used could result in minor amounts sulfate ions (SO4
-) being present on the TiO2 
nanoparticles, some simple experiments were performed to explore the possibility that 
those sulfates could affect the rate of belite reaction. To determine if the concentration of 
sulfate from the TiO2 could be significant enough to affect hydration, the same TiO2 
powder was introduced to water at the same mass proporti n as used in the 10% TiO2 
experiments in this manuscript. Using inductively coupled plasma optical emission 
spectrophotometry (ICP-OES), sulfur concentrations f ~36 ppm were measured at the 
10% TiO2 dosage rate. The amount of sulfate present, then, is extremely small. For 
example, during early cement hydration sulfate concentrations of ~350 mMol (or 2 orders 
of magnitude greater) would be expected [164].  
However, the possibility of the formation of calcium sulfate precipitates through 
interaction of the sulfates with calcium ions deriving from belite or CaCl2 was further 
explored. To assess this, a simple experiment was performed by mixing 20.0g CaCl2 and 
0.08g sodium sulfate (Na2SO4) in 500g of deionized water, using the same mass 
proportions as in 10% TiO2-cement mix. The sample was filtered to 0.2µm and the 
residue dried and weighed. The mass of the dried resi u  was 0.05g, where 0.077g of 
calcium sulfate would be expected to precipitate upon full reaction with calcium. Thus, in 
the presence of CaCl2, minor amounts (~0.1 g/L) of calcium sulfate may precipitate at the 
highest TiO2 dosage rate examined.  
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Precipitation of any calcium sulfate might affect the surface area of particulates in 
the system, particularly if formed on the nanoparticle surface. There are two possibilities 
in this case: (1) increase in surface area by the formation of additional products on the 
nanoparticle surface (or elsewhere in the system), or (2) a net reduction in area by 
precipitates which block internal porosity. Specific surface areas of dried and ground 
titania particle slurries and companion slurries where CaCl2 was introduced at the same 
rate as the experiments here were examined by nitrogen BET analysis (ASAP2020, 
Micromeritics, Norcross, GA). The results indicate that there was ~20% increase in the 
surface area, which provides support for case (1) above. This suggests that the addition of 
CaCl2 to a system that contains this type of TiO2, could further increase the surface area 
available for the nucleation of hydration products and thus could further accelerate the 
reaction.  However, it should be noted that the grinding process, which was necessary for 
sample preparation, could have limited assessment of case (2); further, any more complex 
interactions between sulfates and hydrating cementitious phases were not measured in 
this case.  
Interestingly, not much difference is observed in the C2S hydration rate between 
pastes containing 5% and 10% of TiO2. The author believes that this is the result of 
“diminishing returns” with increasing nanoparticle addition. That is, the rate of nuclei or 
hydration product formation is slow enough in the case of C2S, that the added surface 
area of TiO2 beyond the level of 5% does not have a noticeable effect on acceleration. 
Further, the authors believe that increasing nanoparticle agglomeration with increasing 
dosage rate – dispersion is a well-known challenge with the use of nanoparticles in 
cementitious systems [27, 32] – could reduce the eff ctive surface area available for 
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nucleation with increasing dosage rate.  The sulfate ions coming from TiO2 can take part 
in more complex interactions particularly at higher dosage rates and could contribute to 
case (2) above, if precipitates form on the nanoparticles or agglomerates and “block” 
previously accessible surface area. However, given th  low concentrations of the sulfates 
in these cases, it is not clear how significant this potential effect could be. Overall, the 
authors believe the greater dosage of TiO2 produces “diminishing returns,” as previously 
stated. Further work needs to be performed to examine the effect of different addition 
rates of TiO2 to better understand these complex interactions.  
Cumulative heat of hydration data in Figure 4.8 shows that degree of hydration of 
the pastes containing TiO2 nanoparticles start to advance beyond those of the neat C2S 
pastes at about 17-20 days. The degree of hydration, α, was calculated at 30, 60, and 90 
days for all the pastes for comparison, by dividing the total heat of hydration at a given 
time by the enthalpy of reaction of C2S (∆H=45kJ/mol) [165]. The values are listed in 
Table 4.2. The result for the C2S paste is relatively in agreement with Odler et al. [166], 
where the degree of hydration of pure β-C2S at ~90 days was measured to be about 40% 
by quantitative X-ray diffraction analysis.  At 90 days, a 47% increase in degree of 








Table 4.2— Cumulative heat of hydration and degree of hydration, α, of TiO2-blended 
C2S pastes at 30, 60, and 90 days 
TiO2 
added (%) 
30 days 60 days 90 days 
 
Cumulative 
heat (kJ/mol) α 
Cumulative 
heat (kJ/mol) α 
Cumulative 
heat (kJ/mol) α 
0 6.94 0.15 11.06 0.25 15.09 0.34 
5 8.18 0.18 16.14 0.36 22.17 0.49 
10 8.62 0.19 16.59 0.37 22.24 0.49 
 
However, generally when interpreting the calorimetry data in both Figures 4.7 and 
4.8, the results should be treated qualitatively to see a trend rather than examining the 
exact values, especially at later ages. Due to the in rent limitation of isothermal 
calorimetry, it is difficult to capture slowly released heat such as C2S hydration. Heat can 
be absorbed to the equipment or dissipated before it can reach a sensor, eventually 
recording lower rate of heat evolution. Also, it is known that specific heat of hydrating 
cement paste decrease as a function of degree of hydration [159, 167]. This yields higher 
heat capacity in reference ampoule than sample ampoule, which in turn decreases 
sensitivity of the system.     
Overall, these data do suggest that the addition of TiO2 nanoparticles to C2S paste 
notably accelerate the early hydration reaction rate, possibly by providing more 
nucleation sites, due to their smaller particle size. This finding is relevant to setting time 
and early strength development of C2S-rich cement which has potential for further 
optimizing the performance of lower-CO2 and lower-energy cement compositions 
containing belite.  
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4.4.3 C3S Model Fits 
It should be recalled that the TiO2 particles added to these pastes are not known to 
react with water or calcium silicates. Therefore, an lternative explanation for the 
observed increase in early age C3S reaction in the presence of these nanoparticles must be 
sought. Here, hydration behavior of the C3S pastes examined are compared to existing 
models to provide additional insight into the mechanism by which TiO2 nanoparticles 
influence early age reaction rate.  
Visual representations of the hydration of different TiO2 pastes at 12 hrs are 
presented in Figure 4.9. These include depictions of the initial C3S and TiO2 solids, as 
well as capillary porosity at 0 hrs hydration, which are based upon the initial volumetric 
proportions in the pastes examined. In addition, Figure 4.9 depicts the formation of 
hydration products (and corresponding decreases in C3S and porosity) at 12 hrs, where 
these early hydration products are shown to form on the C3S surface as well as on the 
TiO2 surface, in accordance with the BN theory. The area f actions of each component 
were calculated based on Powers model [168] using the temporal degrees of hydration 
obtained from the experimental data, which are listd in Table 4.3. Based on the simple 
stereological principles, area fractions obtained for a 2D cross-section are equal to 
volume fractions for the 3D real structure when materi ls have a completely random and 
isotropic nature [169]. It can be seen from Figure 4.9 and Table 4.3 that the increasing 
TiO2 content promotes higher degree of hydration at a given time. The decrease in 
relative capillary porosity and more spatially uniform distribution of hydration products 








0 hr 12 hrs 
0 5 10 15 0 5 10 15 
C3S (%) 38.39 37.79 37.21 36.65 24.18 21.92 18.61 16.86 
TiO2 (%) 0 1.56 3.06 4.52 0 1.56 3.06 4.52 
Hydration products (%) 0 0 0 0 28.41 31.74 37.21 39.58 
Porosity (%) 61.61 60.65 59.73 58.82 47.41 44.78 41.12 39.03 
 
 
Figure 4.9 — 0%, 5%, 10%, and 15% TiO2 at 0, 12 hrs hydration; α=37, 42, 50, and 54% 
respectively 
 
 Both the Avrami model and the BN model were applied to the experimental data 
for each of the four sample types (see Figures 4.10(a), (b), (c), and (d)). Fitting was 
performed manually to obtain the closest fit around the rate peak. The Ov
B values for the 
BN model for each of the mix were calculated from the surface area of the C3S and TiO2 
powder (Table 4.5), by dividing the total surface ar a per gram of mixed powder by the 
volume occupied by the hydration products after complete hydration. Although the 
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nucleation rate or hydration product growth rate on C3S or TiO2 surface would likely to 
be different, it is assumed here that the surface characteristics of C3S and TiO2 to be the 
same due to absence of data describing those variations and for simplicity in this initial 
investigation. The hydration volume of C3S is 0.662 cm
3/g C3S [92] and the volume of 
TiO2 was incorporated based on density of 4.23g/cm
3, considering it is chemically non-
reactive. The increase in Ov
B with higher TiO2 dosage in the BN model is expected and 
indicates increasing surface area for potential C-S-H nucleation. The fit parameters are 




Figure 4.10 — Rate of hydration: Experiment vs. Avrami and BN models  
(a) 0% TiO2, (b) 5% TiO2, (c) 10% TiO2, and (d) 15% TiO2 
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Table 4.4 — Fit parameters Ȧ, t0, kavr, and n for Avrami model 
TiO2 (%) Ȧ (kJ/mol) t0 (h) kavr (h
-1) n 
0 49 1.3 0.141 3.1 
5 65 1.2 0.113 3.5 
10 67 1.0  0.138 3.0  
15 71 0.9 0.153 2.5 
 
Table 4.5 — Fit parameters Ov
B, Ȧ, t0, G, IB, kB, kG, and kB/kG for boundary nucleation 
model 
TiO2 (%) Ov









0 2.40 69 -0.25 0.0379 1.47 0.118 0.091 1.295 
5 50.00 85 0.17 0.0021 239.62 0.103 0.105 0.977 
10 91.51 93 -0.50 0.0009 2887.37 0.117 0.082 1.433 
15 133.80 96 -1.67 0.0006 6732.14 0.117 0.079 1.477 
 
Both of the models give good fits to the experimental hydration rate data in the 
acceleration period for all of the pastes. However, the BN model clearly provides a closer 
approximation than the Avrami model in the deceleration period for all of the pastes. This 
was previously shown for C3S hydration under different conditions by Thomas [92]. The 
divergence with the Avrami model in the deceleration period suggests that the conditions 
of random nucleation assumed by that model do not apply to hydration of these systems. 
This indicates that nucleation is spatially nonrandom and is likely related to the surface 
area of the solid phases available for product nucleation and growth.   
 112
The t0 parameter in both the Avrami model and the BN model graphically shifts 
the curves either to the right or to the left, depending on the sign. A positive t0 value can 
be interpreted as an induction period, shifting the curve to the right. On the other hand, a 
negative t0 value found in the BN model fits shifts the curve to the left, which suggests 
that the TiO2 particles have an effect of promoting the reaction rate at a very early age. 
The 0.42 hrs delay in t0 value for the 5% TiO2 case compared to the 0% case suggests 
that there has been retardation. In contrast, the t0 values of 10 and 15% TiO2 cases were 
accelerated by 0.25 and 1.42 hrs respectively, indicating that the greater surface area 
provided by additional TiO2 overcomes the retardation effect. These observations are 
comparable to the time of rate peaks, which resulted in 1.60 hrs of retardation and 0.31 
and 1.51 hrs of acceleration at 5, 10, and 15% TiO2 cases respectively, in regard to the 
0% case. However, the t0 parameters of the Avrami model do not seem to relate to the 
rate of hydration. Specifically, the decreasing t0 with increasing TiO2 dosage does not 
capture the retardation observed in the 5% case. Thus, it can be concluded that the better 
indicators of acceleration or retardation of rate of early hydration are found in the t0
parameters of BN model. 
From the resulting parameters of the BN model (Table 4.5), some interesting 
observations can be made. As more TiO2 is added, the decrease in linear growth rate, G, 
was observed. In conjunction with the increasing dere  of hydration, this suggests that 
the hydrated product in fact is growing on a larger surface area, such as on C3S and on 
added TiO2 particles (as suggested in Figure 4.9). The increasing IB with increasing Ov
B 
suggests that more nucleates are formed in pastes with greater TiO2 addition, indicating 
that added surface area of TiO2 acts as nucleation sites. It should be noted here t at due to 
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the assumption made on the Ov
B parameter and G, the data should be treated qualitatively 
to see a trend rather than examining the exact values. Further, an increase in the kB/kG of 
the BN model is found at 10 and 15% TiO2 dosage with regard to 0% paste. This suggests 
that the presence of sufficient additional surface rea provided by the increasing amounts 
of TiO2 promotes hydration product formation, which occurs on or near the surfaces of 
the particles according to the model assumptions. The decrease in the kB/ G of the 5% 
TiO2 case can again be explained by the retardation effect, that the formation of hydration 
products are slowed, likely by the presence of calcium sulfate salts on the surface of C3S 
and/or TiO2 particles. It is also proposed that by providing additional nucleation sites 
away from the reacting C3S particles, the start of diffusion-controlled hydration kinetics 
is delayed, increasing the amount of early nucleation and growth hydration, as has been 
proposed for other nucleating materials [78]. Such be avior would account for both the 




The early hydration behavior of C3S and C2S pastes containing up to 15% and up 
to 10% additions of high surface area TiO2 respectively, was investigated. Two 
nucleation and growth models – the Avrami model andthe boundary nucleation model – 
were applied to the experimental C3S calorimetry data.  Based on the results of this study, 
the following conclusions are drawn: 
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• The addition of high surface area TiO2 powder provided additional nucleation 
sites for hydration product formation, resulting in acceleration in the hydration 
reaction; higher rate peaks and higher total heat of hydration was observed in both 
C3S pastes and portland cement pastes.  
• For the C3S pastes, a delay in the rate of hydration was found in 5% TiO2 pastes. 
Preliminary experimental results suggest that the retardation in this case results 
from surface residues present on the TiO2 nanoparticles and are likely an artifact 
of the pure C3S system. Further experiments, however, are necessary to determine 
if such effects may be observed in portland cements of varying composition.  
• The calorimetry results show that the hydration rates of C2S pastes containing 
TiO2 nanoparticles were accelerated compared to neat C2S pastes. The degree of 
hydration of TiO2 containing C2S pastes was observed to be greater than neat C2S 
paste by 20 days, and was measured to be ~50% greater by 90 days. The results 
suggest that the use of nanoparticles can increase the rate of C2S hydration. 
• The BN model is capable of representing the kinetic behavior of C3S paste mixed 
with TiO2 nanoparticles and provides a better fit to the ratdata than the Avrami 
model for all pastes tested.  
• The increase in the ratio of the rate constants from the BN model (kB/kG) with 
higher percentages of TiO2 suggests that the formation of hydration products is 
linked to the increase in available nucleation sites (i.e., increase in solid surface 
area) provided by the TiO2 nanoparticles. The decreasing linear growth rate (G) 
and increasing nucleation rate (IB) also suggest that hydration products are formed 
on greater surface areas, which support the BN model. 
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Observations such as these which show that the rate of hydration can be altered 
through the addition of chemically non-reactive TiO2 particles suggest that the setting 
behavior, strength development, and permeability of photocatalytic and other portland 
cements can be optimized by controlling compositional variables and particle size. This 
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PHOTOCATALYTIC CEMENT EXPOSED TO NITROGEN OXIDES: 
EFFECT OF OXIDATION AND BINDING 
 
5.1 Introduction 
In this chapter, the effect of TiO2-cement on oxidation and binding of nitric oxide 
(NO) and nitrogen dioxide (NO2) gases is examined. To assess photocatalytic efficiency, 
standards such as  ISO standard [99] and JIS standard [98] have been established for 
advanced ceramics, where photocatalyst is added by coating, impregnation, and mixing. 
However, both of these standards utilize only NO gas in their experimental procedures. 
As a result, significantly more effort has been puttoward measurements of NO gas 
oxidation than NO2 gas oxidation by photocatalytic materials. Yet, NO2 gas is a major air 
pollutant that threatens human health and also participa es in the formation of 
photochemical smog and ozone (O3) [5], ultimately contributing to global warming. Once 
the NO gas is emitted primarily from the combustion source, the part of NO gas is 
converted into NO2 gas, and they coexist in equilibrium in the atmosphere through 
reactions described in Equation (1.1). The NO/NO2 ratio is thus determined by the 
intensity of solar radiation and the concentration of ozone. It was reported, that the annual 
average on-road NO2/NOx ratio was 28% [170], meaning that the harmful NO2 gas is as 
much as 39% of the NO gas. Taking into consideration the severity of the NO2 gas and its 
quantity fraction, there is a need to investigate the photocatalytic behavior of 
cementitious materials under NO2 as well as NO exposure. 
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In addition to the relative dearth of information regarding the photocatalytic 
efficiency of cementitious materials under NO2 exposure, some preliminary work has 
suggested that NO2 can be bound into cementitious materials without the benefit of 
photocatalysis. Vallee et al. [45] performed de-polluting experiments exposing 
photocatalytic surfaces to NO2 gas, and mentioned the possibility that NO2 can be 
adsorbed into cementitious materials in the absence of UV-radiation that is later oxidized 
in the day time. Yoshio et al. [171] also tested TiO2 coated cement on NOx removal, and 
mentioned that NO2 gas can be adsorbed on the porous surface structure of cement. The 
potential of cementitious materials to decrease the amount of the NO2 in the atmosphere 
is important, then, for a comprehensive assessment of the potential environmental impact 
of cement-based infrastructure. For example, NOx binding in the cementitious structure 
in the absence of photocatalysis (i.e., in the absence of UV-radiation) could potentially 
facilitate subsequent photocatalytic reaction by providing nitrogen oxides near the TiO2 
particles. Although researchers report that the NO2 gas can possibly be adsorbed in 
cement-based materials [45, 171], relatively minimal effort has been made to quantify 
NOx binding capacity of the variations in these materi ls in the published literature. Thus, 
a detailed examination of NOx binding – including examination of NO and NO2 binding 
– in cementitious system is warranted.  
The objectives of this research are to examine and compare the photocatalytic 
efficiency and NOx binding capacity of TiO2-containing cement-based materials under 
both NO and NO2 gas. The effect of different water-to-cement ratios (w/c) of the 
cementitious materials on the photocatalytic efficien y is also studied.  
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5.2 Materials and Experimental Procedure 
Hardened cement pastes at varying w/c and containing varying amounts of photocatalytic 
TiO2 nanoparticles were prepared. Tests were performed to assess photocatalytic binding 
of NO and NO2, with UV-radiation (i.e., “photocatalysis series”). Additional tests were 
performed to examine the potential for NO and NO2 binding in the absence of UV-
radiation (i.e., “NOx binding series”). 
 
5.2.1 Materials  
The cement used was ASTM C 150 Type I portland cement with potential Bogue 
composition of 54% C3S, 18% C2S, 7% C3A, and 10% C4AF. (The cement chemistry 
notations of these oxides are defined as C=CaO, S=SiO2, F=Fe2O3, and A=Al2O3.) The 
TiO2 used was selected as one more commonly used in theconcrete industry (Aeroxide 
TiO2 P25, Evonik Industries), which consisted of 80% anat se and 20% rutile titania. The 
average crystal size is 21nm, the surface area is 50±15 m2/g, and the sample purity is 
99.5%, as stated by the manufacturer. NO and NO2 gas were obtained at 100 ppm each 
and were mixed with ultra pure zero air (~80% nitrogen and ~20% oxygen) to reach the 
desired concentration.  
 
5.2.2 Sample Preparation 
Two series of cement paste samples were prepared. For the photocatalysis series, 
pastes were prepared at water-to-cement ratios (w/c) of 0.40, 0.50, and 0.60, all with 5% 
TiO2 replacement by mass of cement. For the NOx-binding series, samples were prepared 
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with a consistent composition at w/c of 0.60 with 10% TiO2 replacement by mass of 
cement.  
To prepare the samples, the TiO2 particles were mixed with deionized water for 1 
minute using a hand-held mixer at a low speed. Cement was then added to the TiO2 slurry 
and mixed for 1 additional minute at a low speed another 1 minute at a medium 
speed. Samples were cast in plastic molds with dimension of 4.8cm x 4.8cm x 0.8cm. 
They were allowed to cure in a 100% relative humidity and at 23±2°C for the initial 24 
hours, and continued to be cured in lime water after d molding at 23±2°C. For the 
photocatalysis series, samples were taken out from the lime water at 47 days of age, 
progressively polished to 15 microns using 600 grit we  sandpaper, and conditioned in a 
30°C oven until the mass change was less than 0.5% within 24 hours. For the NOx 
binding series, samples were prepared and cured in the same manner, except they were 
cured for 28 days of age and polished up to 5µm, and dried for 3 days. They were 
exposed to multiple cycles of wetting, drying, and NOx exposure under UV light to 
simulate field weathering conditions (as part of another series of experiments, presented 
in Chapter 6). In order to investigate the influenc of moisture state on binding and to 
better understand the binding mechanisms, samples were conditioned to be either either 
‘wet’ or ‘dry’ during NO or NO2 exposure. Wet samples were fully immersed in 
deionized water for 3 hours under vacuum, and kept wet in plastic bags until tested. 
Saturation was confirmed by breaking a control sample and visually examining the 
broken surface. Dry samples were conditioned in 40ºC oven until mass change less than 




Both of series utilized a UV reactor that was designed to largely conform to the 
ISO and JIS standards [98, 99] for measurements of removal of nitric oxide during 
photocatalysis. The inner width of the reactor was manufactured to be 8cm compare to 
5cm in the standards to accommodate for larger samples. Also, for simplicity, height 
adjusting plate was not utilized, meaning that testgas could not only pass above the 
sample surfaces but also through the sides. Figure 5.1 shows the picture of the UV reactor 
with the UV light on, and Figure 5.2 is a schematic of the entire test set-up. The test set-
up was designed to maintain a constant concentration of test gas flow into the reactor, and 
which then flows over the sample surfaces (which may be illuminated with UV light), 
and exits on the other side of the chamber where gas concentration is measured with time. 
Samples were placed in the reactor with only one fac  exposed to the UV light and the 
test gas. Two 40W UV fluorescent lamps (GE) with peak mission at 368nm were used 
to produce the UV light. The power density of the UV light at the sample surface was 





Figure 5.1—NOx reactor with UV light on 
 
 
Figure 5.2—Experimental set-up showing NO/NO2 flow and UV reactor  
 
5.2.3.1 Photocatalysis Series with NO and NO2 gases 
For the photocatalysis series, experimental conditions were kept constant among 
tests with only the type of test gas (either NO or NO2) varying. The test gas concentration 
was adjusted to a targeted value of 1000ppb in the reactor with 5 cement samples already 
installed, which is equivalent to 115cm2 effective surface areas. Note that the starting 
concentration was measured at the outlet of the exprimental chamber just before the UV 
light is turned on, which can be lower than the actu l input concentration due to gas 
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adsorption on experimental setup and test samples. The gas flow rate was fixed at 
500ml/min. Once the gas concentration was stabilized, the UV light exposure was begun 
and continued for 3 hours. After the UV light was turned off, the gas was allowed to 
stabilize again with measurements continuing during this period. Further, additional 
measurements of gas concentration were after the samples were removed to confirm the 
air tightness and passivity of the chamber itself. Photocatalytic reactivity was determined 
by the percentage drop in gas concentration compared to the initial concentration 
(~1000ppb) using the total sample surface area exposd to the UV light, which is 
~115cm2. This is a simplified method which does not account for flow rate or sample 
surface area, since all of these parameters were kept constant.  
 
5.2.3.2 NO and NO2 Binding Series 
 To investigate the binding capabilities of the cementitious materials in the 
absence of photocatalysis, a continuous concentration of test gas was maintained using 
the same reactor used for the NOx oxidation series. However, in this series, the UV light 
was not utilized. This way the binding can be examined apart from the effect of 
photocatalytic NOx oxidation. The input NO and NO2 concentration was controlled to be 
consistent at ~1000ppb at flow rate of 500ml/min befor  samples were inserted. Once the 
gas was stabilized, the reactor was opened and five o  either wet or dry samples were 
inserted in less than 5 minutes and were maintained i  the reactor for 5 hours. Then, the 
samples were removed and the gas concentration in the reactor was again stabilized 
before terminating the experiment. The gas concentration was measured with and without 
samples throughout the experiment, again to validate the passivity of the reactor itself.   
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As previously describes, samples were prepared either n dry condition or wet 
condition to examine the mechanism of the NOx binding in cementitious materials. That 
is, this variation in moisture state will allow asse ment of whether the test gas is 
adsorbed on hardened cement paste solids directly or may be first absorbed into the 
cement pore solution. The test set-up was modified from the first series by removing a 
humidifier so that no moisture inflow was allowed. The rate of gas binding can be 
determined by the changes in the level of gas stabiliz tion in the reactor before and after 
the samples are inserted.  
 
5.3 Results and Discussion 
5.3.1 Photocatalysis Series under NO and NO2 
 The influence of water-to-cement ratio on photocatalytic efficiency in the 
presence of NO and NO2 gas was examined. Because it is well-known that varying the 
w/c of the material alters the pore structure (i.e, pore volume, size distribution, 
interconnectivity) of cementitious materials [172], the amount of effective surface area 
available for photocatalytic oxidation may also be aff cted [21, 22].  
 Figures 5.3 and 5.4 show the influence of water-to-cement ratio during 
photocatalysis of cement pastes exposed to NO and NO2 gas, respectively. Photocatalytic 
efficiency at 1 hour intervals up to 3 hours after UV irradiation were calculated and 
presented in Table 5.1. The 3 hour duration of the test was determined from observation 
of the changes in NO and NO2 concentration over time. For the size of cement paste 
samples examined, a relative stasis in gas concentration at ~700 ppb was achieved during 




Figure 5.3—NO test data with samples with w/c=0.40, 0.50, and 0.60, each with 5% TiO2 
by mass of cement  
 
 
Figure 5.4—NO2 test data with samples with w/c=0.40, 0.50, and 0.60, each with 5% 
TiO2 by mass of cement 
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Table 5.1-- Photocatalytic efficiency of samples at different times 
 Experiment Conditions 
 NO Gas NO2 Gas 
w/c 0.4 0.5  0.6  0.4  0.5  0.6 
Initial drop (%) 14.0 22.4 31.0 27.7 30.6 30.3 
1hr drop (%) 20.5 24.5 29.2 26.9 27.3 29.2 
2hr drop (%) 22.4 27.6 29.2 24.2 24.4 27.2 
3hr drop (%) 23.6 24.4 28.9 23.5 22.0 25.2 
 
 As can be seen from Figures 5.3 and 5.4, the photocatalytic cement is capable of 
oxidizing both NO and NO2 gas instantaneously upon initial UV illumination. This is an 
expected behavior because NO2 is one of the transitional products in the NO oxidation 
process [65, 69]. For both of the cases, photocatalytic activity continued throughout the 
3-hr test period. When the UV light was turned off, the gas concentration generally 
recovered back to ~1000ppb, as expected. Overall, by the end of the test, the 
photocatalytic efficiency values seem to converge to mid 20s for both the NO and NO2 
cases. This trend suggests that similar amounts of NO and NO2 gases were oxidized at 3 
hours when constant concentration (~1000ppb) of gas w provided, regardless of 
variations in w/c in the range examined. 
However, it is worth noting that some differences in photocatalytic efficiency 
were observed in the NO experiment for the different w/c’s examined. While the 
variation in w/c in the NO2 experiment did not result in large variations in early oxidation 
behavior, higher w/c in the paste generally resulted in a greater initial drop in the case of 
the NO experiment, producing a more rapid rate of oxidation. Specifically, while the 
w/c=0.4 samples oxidized 14.0% of the gas initially, a 31.0% drop was measured for the 
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w/c=0.6 pastes. The photocatalytic efficiency of the w/c=0.4 and 0.5 samples increased 
over time, resulting in comparable values to the w/c=0.6 sample at 3 hours. However, the 
w/c=0.60 was the most effective, oxidizing 28.9% of the initial NO gas at 3hours, 
compared to 23.6% and 24.4% for the w/c=0.40 and 0.50 cases respectively. It is 
proposed that the variations in pore structures among the samples are a main reason for 
the different behavior among different w/c samples under the NO. That is, other 
parameters remaining the same, a higher w/c sample has higher porosity, greater degree 
of pore connectivity, and thus higher surface area where the gas can be sorbed [21, 22, 
172], which increases the amount of gas that that can potentially be oxidized. In case of 
the NO2 experiment, the effect of variations in w/c and pore structures is not apparent, the 
possible reason for which is going to be discussed later in this chapter.     
To better quantify the influence of w/c on structure, surface area analysis was 
performed using nitrogen Brunauer-Emmett-Teller (BET) method on these samples using 
an accelerated surface area and porosimetry system (Micromeritics ASAP2020, 
Micromeritics, Norcross, GA). Samples were crushed to pass #8 sieve and retained in #16 
sieve. Degassing was done at 105°C for 24 hours, and the sample used was ~1g each. The 
BET surface area was measured to be 19.53 m2/g, 37.81 m2/g, and 54.84 m2/g for the 
w/c=0.4, 0.5, and 0.6 sample respectively, showing a  increase in surface area as w/c 
increases, as expected. It is hypothesized that the photocatalytic efficiency depends to 
some extent on the rate of gas sorption within the cementitious system. Thus, at higher 
w/c, cementitious materials have a greater capacity for NO binding and this facilitates 
oxidation upon exposure to UV light. The greater complexity of the pore structure at the 
lower w/c of 0.40 and 0.50 may control the rate at which NO may be bound, thus 
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producing an increasing photocataltyic efficiency with time, but further investigation is 
necessary to evaluate this potential effect of w/c. 
While the variation in specific surface area with w/c may account for the 
difference in NO sorption among the samples examined, the difference in sorptivity in the 
NO and NO2 experiments must also be examined. Specifically, no apparent differences in 
efficiency were observed with different w/c in case of the NO2 case, when comparing 
Figure 5.3 and 5.4. To better understand the interactions between the cement pastes of 
varying surface area and the NO and NO2 gases, it is useful to understand the nature of 
the gases themselves. The NO molecule is smaller than the NO2 molecule, having 115pm 
compared to 221pm. Both the NO and NO2 molecules are polar, meaning that the dipole-
dipole intermolecular forces align the molecules, increasing their attraction to surfaces 
and reducing potential energy. The dipole moment of the NO and NO2 are 0.157 D [173] 
and 0.316 D [174] respectively. 
Therefore, it is hypothesized that the more polar NO2 molecule is more efficiently 
and more rapidly sorbed within the cementitious structure and that the rate at which this 
occurs is so rapid that it appears to occur independently of sample porosity for this test 
setup. As a result, in this case, the rate of sorption does not limit the photocatalytic 
efficiency in the presence of NO2, and it is proposed that due to this characteristic, the 
reaction rate in the presence of NO2 was steady throughout the experiment.  
 After the photocatalytic oxidation experiment for the w/c=0.6 case for both the 
NO and NO2 gases, the samples were taken out of the UV reactor nd the concentration 
of gases were continued to be measured in the absence of the samples. This “blank 
experiment” was performed as a preliminary step to examine the sorptivity of the NOx on 
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cement paste samples. From Figure 5.5 (a) and (b), gas concentration is shown to 
decrease rapidly at time of ~10 min. when the reactor is pened to remove the samples in 
both cases. After the samples were removed, the concentration of NO did not change 
much; the NO concentration quickly recovered to ~925ppb, which is the same level as 
when the samples were in the reactor. On the other hand, the NO2 concentration jumped 
up from ~965ppb to ~1285ppb when the samples were taken out, which is 33% increase. 
This increase in NO2 concentration represents the additional flux in gas flow rate 
necessary to compensate for binding within the cementitious materials while maintaining 
the desired concentration in the chamber of ~1000ppb. This clearly demonstrates that 
cementitious materials have a high potential to sorb (  bind) NO2 compared to NO, and 
the consistency in the rate of sorption suggests that t is effect could also be used to 
diminish NO2 levels in the atmosphere.        
 
 
 Figure 5.5—Blank concentration: gas concentration after samples taken out of the 
reactor (a) NO experiment, (b) NO2 experiment 
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5.3.2 NO and NO2 Binding Series 
 The prior demonstration of NO2 binding in cementitious materials has not been a 
subject to much research despite the known coexistence of NO2 with NO in the 
atmosphere. To further examine the binding of NO2 within cementitious materials, an 
additional series of experiments were undertaken with a goal of better understanding the 
NOx binding process. Of particular interest is an improved understanding of the potential 
binding pathways (e.g., gas adsorption to solid surfaces, gas absorption or dissolution in 
pore solution, etc.) and how these may differ for NO and NO2. To this end, cement paste 
samples were introduced to NO or NO2 environments in either dry or wet states, as 
previously described. 
Results from the NO binding experiment in cementitious materials when the 
samples were wet and dry are shown in Figures 5.6 (a) and (b) respectively, while 
Figures 5.7(a) and (b) show the corresponding results from the NO2 experiment. Rapid 
decrease in gas concentration near the start and the end of the experiment indicate when 
the reactor was opened to insert and take out samples. Note that in these experiments, no 
UV-exposure was used. Interactions between the gases nd the cementitious materials 
result from phenomena other than photocatalysis. For all of the figures, both the NO and 
NO2 concentrations were plotted as well as the NOx. This way it is visually clear that the 
test gas is stable and that the concentration changes in the test gas is not the result of 
transformation to other type of gas (for instance NO to NO2 or vice versa).     
Comparing Figures 5.6 and 5.7, the results suggest that the NO2 in general is 
bound in cementitious materials much more than NO gas as expected, based upon the 
results from the photocatalysis series. The NO2 concentration was decreased by 38% and 
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36% for the wet and dry samples respectively, after 2 hours. The NO concentration was 
decreased more modestly, by 9% and 2% for the wet and dry samples respectively, after 
2 hours. Comparing wet and dry samples, not much difference was observed either for 
the NO or NO2 cases after 2 hours: the NO was bound in wet samples 7% more than in 
dry samples, and the NO2 was bound in wet samples 2% more than in dry samples. From 
these results, it was found that the NOx bound in cement paste is slightly higher for the 
wet samples than the dry samples in both of the cass, which suggests that the pore 
solution takes part in binding NO and NO2 through absorption. However, it can be 
suggested that the effect of gas absorption into pore s lution is negligible compared to 
gas bound on hardened cement paste. Comparing Figures 5.7 (a) and (b), it should be 
noted that in case of the dry samples of the NO2 case, as shown in Figure 5.7 (b), the rate 
of NO2 concentration recovery after the samples have been inserted is lower than the 
other cases. This indicates that the rate of adsorption of the NO2 gas at the early sample 
exposure is faster than the wet sample case, suggesting that the NO2 gas is adsorbed 












Figure 5.6 — (a) NO gas absorption in wet cement pas e samples,  






Figure 5.7 — (a) NO2 gas absorption in wet cement paste samples,  





The results from Figures 5.6 and 5.7 again suggest that the NO2 has a greater 
potential to be bound into cementitious substrate than the NO gas, despite of its larger 
molecular size. It is proposed that it can be explained by differences in polarity of the two 
molecules, as stated previously. The NO2 gas has about twice higher dipole moment than 
the NO gas, which suggests higher attractive force to surfaces with a net surface charge 
and to other polar molecules. Thus, it can be envisioned that in addition to sorbing to the 
cementitious solids, the NO2 gas can be stacked in layers, resulting higher amount f 
adsorption compared to the NO gas.  
To examine the effect of pore solution alone on the decreases in NOx gas, a 
simple experiment was performed in the presence of synthetic cement pore solution. The 
experimental set up was identical to NOx binding serie , except a shallow bath of 
synthetic cement pore solution, composed of saturated calcium hydroxide solution plus 
0.7M sodium hydroxide [175], was used in place of cement paste samples. About 65g of 
solution was used in a shallow plastic dish for each experiment, with an effective surface 
area of 200cm2. The solution was exposed to each gas concentration  ~1000ppb for 
more than 15 hours. Figures 5.8 (a) and (b) show the gas concentration changes when the 





Figure 5.8— (a) NO gas absorption in synthetic pore solution,  





The concentration of NO and NO2 dropped by approximately 10% of the initial 
gas concentration, or ~100ppb and ~130ppb respectively, on average during the period of 
the experiment. The rate of this decrease, thus the diff rence between the base NOx 
supply and the concentration with the pore solution, was relatively consistent throughout 
the experiment which lasted more than 15 hours. This suggests that some of the NO and 
NO2 gas molecules were absorbed constantly into pore solution, with the NO2 gas being 
absorbed in greater quantities by 30 ppb. The decreased amount of NO and NO2 in pore 
solution during the full length of experiment were calculated and it was determined to be 
31µmol and 43µmol per kilogram of synthetic solution respectively. However, this 
absorption rate exceeds the conventional solubility of NO and NO2 in water. Henry’s 
constant for the NO and NO2, thus their solubility in water, were reported to be 0.0019 
mol/kg·bar [176] and 0.012-0.041 mol/kg·bar [177, 178]. It can be calculated that 1100 
kg and 65-220 kg of water are needed to absorb same amount of NO and NO2 as in the 
pore solution experiment. This suggests that composition and high ionic concentration of 
the synthetic pore solution might have played a role in additional chemical reaction 
between gas molecules. Kameoka et al. [179] observed similar increases in NO2 
solubilities in industrial-type solutions such as sodium sulfite. Also, the alkaline pH of 
the solution and low gas concentration (1ppm) could have affected the solubility of gases. 
However, it should be noted that the amount, chemical composition, and accessibility of 
pore solution in actual cement-based materials would be totally different from a bath of 
synthetic pore solution, and these results should be understood qualitatively. From this 
experiment, it can be concluded that NO and NO2 can be absorbed in cement pore 
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solution, suggesting that absorption is one of the mechanisms that the NOx be bound in 
cementitious system.  
The hypotheses made in this chapter on NO2 sorption mechanisms are visually 
presented in Figure 5.9. The NO2 gas molecules are more easily adsorbed on dry 
hardened cement paste than absorbed to pore solution. The NO2 molecules are easily 
stacked in layers to hardened cement paste due to its high dipole moment, thus having a 
high potential to adsorb the NO2. The NO2 is also absorbed into pore solution, where it 
remains as nitrates.  
 
 
Figure 5.9— NO2 sorption on hardened cement paste as well as into pore solution 
 
Focusing on the NO2 case, it is interesting to compare the results from the NO2 
binding series (Figure 5.7) to the photocatalytic series (Figure 5.4). The NO2 drop due to 
binding was ~37% from the initial ~1000ppb when the cement samples were inserted. 
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The NO2 photocatalytic efficiency was ~25-30%. Although these data cannot be 
compared quantitatively due to the differences in the experimental procedures (i.e., the 
measurements in the photocatalytic series were started only once the gas is fully 
stabilized or after the gas was bound in cementitious material), even a qualitative 
comparison allows for the observation that the amount f NO2 bound in cement paste is 
on the order of the amount that is oxidized due to the TiO2 photocatalytic reaction. It 
should also be noted from Figure 5.7 that the NO2 is sorbed into cement paste 
continuously throughout 5 hour experimental period. This suggests that, even in the 
absence of photocatalysis, cement pastes can bind large amount of NO2 and that this 
binding can continue over relatively long exposure times.  
 
5.4 Conclusions 
In this chapter, the photocatalytic efficiency and NOx binding capacity of TiO2-
containing cement-based materials under NO and NO2 gas were experimentally examined.  
In the photocatalysis series, similar amounts of NO and NO2 gases were oxidized 
at 3 hours, regardless of variations in w/c, suggesting that the TiO2 bearing cementitious 
materials are capable of oxidizing both gases effici ntly at long time exposure. However, 
some variations were observed between different w/c for the NO case at early exposure, 
and it is proposed that the high surface area for the high w/c affects the amount of gas 
that can be sorbed, and thus can potentially be oxidized. This was not observed for the 
NO2 case, and it is hypothesized that the more polar NO2 is sorbed more rapidly and 
sample porosity does not limit the oxidation rate. 
 143
In the NO and NO2 binding series, the NO2 gas had a greater potential to be 
bound into cementitious materials than the NO gas, again it is proposed this is due to the 
higher dipole moment. It was found that the cement pore solution absorbs part of the NO 
and NO2 gas, but the amount was negligible compared to the gas bound on hardened 
cement paste. It was also found that the rate of NO2 binding was faster at early exposure 
in case of dry samples than in wet samples, suggestin  that the NO2 gas was more easily 
bound to hardened cement paste than into pore solution.     
Comparing both series for the NO2 case, it can be concluded that the amount of 
NO2 bound into cementitious material is comparable to the amount oxidized by 
photocatalytic reaction. The great potential of theNO2 gas to bind into cement-based 
materials suggests, on the basis of its contribution to reductions in atmospheric NOx, that 
concrete itself can be considered as an environmentally friendly construction material. 
This is especially beneficial because the NO2 directly affects human respiratory tract 
compared to NO. Furthermore, when used with TiO2, its binding ability supports the 
oxidation reaction by providing sufficient supply of gas molecules. Overall, these 
experiments indicate that the TiO2 containing cementitious materials are an efficient way 
of decreasing NOx level in the atmosphere, not only through photocatalysis, but also 
through binding NOx within the cementitious materials. It is suggested, from this 
research, that higher w/c up to w/c=0.6 is favorable to be used for both NO and NO2 gas 
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DURABILITY OF PHOTOCATALYTIC CEMENT AFTER 
NITROGEN OXIDES – WET – DRY CYCLING 
 
6.1 Introduction 
In chapter 5, the photocatalytic cement was shown to effectively oxidize both NO 
and NO2 gases under UV light, thus improving air quality. However, there has not been 
much study regarding the effect of the product of the oxidation reaction (nitrates and 
nitrites) on cementitious materials. Since cement-based materials undergo chemical 
reactions throughout their lifetime, it is crucial to investigate any changes that might 
occur in relation to products of NOx oxidation in order to assure long-term durability.  
 It is possible that damaging acid attack, salt crystallization, and/or carbonation 
can occur as ancillary reactions during photocatalysis of TiO2 on the surface of 
cementitious materials. Chapter 2 presents an overview of the potential reaction pathways 
and the influence of these reactions on cement-based materials. The objectives of this 
study were to examine whether the oxidation of NOx during the photocatalysis could 
influence the durability of cementitious substrate, and to investigate the NOx oxidation 
efficiency in the long term. To this end, TiO2-containing cement pastes were exposed to 
environmental conditions meant to simulate and alsoccelerate environmental exposures 
that could possibly lead to degradation of this materi l, through acid attack and salt 
crystallization. Both NO and NO2 gases were utilized for this study, and samples were 
exposed to cycles of NOx and UV (i.e., surface photocatalysis) along with wetting and 
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drying conditions. To quantify the influence of these surface reactions on the cement 
substrate, the surface of each set of samples was ex mined by scanning electron 
microscopy (SEM), Vickers microhardness, surface roughness, and x-ray diffraction 
analysis. In addition, photocatalytic efficiency and mass changes were monitored 
throughout the experiment 
 
6.2 Experiment 
The overall experiment follows a process shown in Figure 6.1. Once the samples 
are prepared, which will be explained into more detail in 6.2.1, surfaces of test samples 
were examined prior to the exposure to NOx and UV in order to establish a base 
measurement. Then, the samples were subjected to multiple cycles of environmental 
exposures, termed as “cycling” in this paper. One cycle starts with exposure to NOx test 
gas and UV light for the photocatalytic reaction, followed by wetting and drying, and 
then the next cycle starts again by exposure to NOx and UV. These cycling were 
designed to simulate real world situation where photocatalytic materials go through 
various weather conditions, such as rain/dew and dry weather, which could possibly 
affect long term durability of the cementitious subtrate as stated in Chapter 2. During the 
course of these cycling, sample surfaces were examined after the drying step of every 5 
and 4 cycles for the NO and NO2 experiments respectively, in order to capture any 
gradual changes in their physical, mechanical, and chemical properties. Specific details 
on the methodology of the cycling and surface examin tion are discussed in 6.2.2 and 
6.2.3 respectively. 
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Figure 6.1—Diagram of the experimental process 
  
In the first part of the study, nitric oxide (NO) was selected as the test gas for the 
experiment, as described in most of the standard testing [98, 99]. Upon analyzing results 
from the NO experiment, it was concluded that the exposure condition planned was not 
strong enough to generate distinctive changes on the samples in an acceptable amount of 
time. Thus, the second part of the study was planned again in an attempt to further 
accelerate any damages that might take due to combination of photocatalytic reactions 
and wet-drying. Most importantly, the test gas was changed to nitrogen dioxide (NO2). It 
was hypothesized from several studies that the NO2 is closer to the final products of 
photocatalytic oxidation than the NO [70], meaning that the rate of degradation as a result 
of these final oxidation products is going to be increased. While the NO needs to go 
through complicated process, such as being transformed to NO2 when oxidized by TiO2 
particles, the reaction path is shorter for the NO2, thus the NO2 is a more direct source for 
the final products. In addition, other experimental p rameters were also modified for the 
NO2 experiment so that the samples are more susceptibl to degradation and to possibly 
accelerate the rate of damage. The detailed experimental parameters of the NO and NO2 
experiments are going to be introduced into more detail, later in this chapter in 6.2.1 and 
6.2.2 with a comparison listed in Table 6.1. The NO2 experiment was performed basically 
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following the same procedure as the NO experiment, shown in Figure 6.1. Throughout 
this chapter, the first part of the study using theNO gas will be termed as “NO 
experiment” and the part using NO2 gas will be termed as “NO2 experiment.”   
 
6.2.1 Materials and Sample Preparation 
6.2.1.1 NO Experiment 
Cement paste samples containing nano-TiO2 particles were prepared. The TiO2 
powder utilized was P25 (Aeroxide TiO2 P25, Evonik Industries). The TiO2 powder 
consisted of 80% anatase and 20% rutile with an average crystal size of 21nm. The 
surface area is 50±15 m2/g, and the sample purity is 99.5% as stated by the manufacturer. 
The cement used was ASTM C 150 TypeⅠportland cement, and the Bogue potential 
composition of which was 51.30% C3S, 19.73% C2S, 8.01 C3A, and 9.41% C4AF. (The 
cement chemistry notations of these oxides are defined as C=CaO, S=SiO2, F=Fe2O3, and 
A=Al 2O3.)  
The samples were prepared at w/c of 0.50 at 5% TiO2 replacement by mass of 
cement. When mixing, TiO2 particles were pre-mixed with deionized water for 1 minute 
using a hand-held mixer at a low speed. Cement was then added to the TiO2 slurry and 
mixed for 1 additional minute at a low speed and another 1 minute at a medium speed. 
Samples were cast in plastic molds with dimensions f 4.8cm x 4.8cm x 0.8cm. They 
were allowed to cure in a 100% relative humidity environment at 23±2°C for the initial 
24 hrs, and continued to be cured in limewater after demolding at 23±2°C. The samples 
were taken out of the limewater at 14 days of age, polished to 0.3 µm, and dried in the 
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oven at 30°C for 3 complete days. The samples were polished to better identify 
microhardness marks. The dried samples were stored in air-tight plastic bags until tested. 
The NO gas was obtained at 100 ppm cylinder. It was mixed with ultra pure zero 
air (~80% nitrogen and ~20% oxygen) to a target value of 1200 ppb at the output of the 
UV reactor when the samples are installed. Mass flow c ntroller was used for both the 
NO and the zero air to achieve desired concentration constantly.   
 
6.2.1.2 NO2 Experiment 
Cement paste samples that contains TiO2 nanoparticles were prepared, that are 
similar to the NO experiment. The same TiO2 powder was utilized for this experiment, 
but the cement composition was changed inevitably because this part of the experiment 
was not planned initially and the original cement was unavailable. The new cement used 
was ASTM C 150 TypeⅠportland cement, and the Bogue potential composition of 
which was 54.00% C3S, 18.00% C2S, 6.70 C3A, and 10.00% C4AF.  
Samples were made into the same dimensions as the NO xperiment, but now 
they were prepared at w/c of 0.60 and at 10% TiO2 replacement by mass of cement. The 
higher w/c was used to decrease compressive strength a d to increase porosity. There is a 
general agreement that strength of a material is a critical factor for salt scaling, and 
Valenza et al. states in their paper that the salt sc ling resistance of a material should be 
satisfactory as it reaches 40MPa [109]. From the compressive strength results in Chapter 
3, it was shown that the w/c plays a significant role, such that higher w/c results in lower 
compressive strength (Figure 3.6). In case of the cement paste sample with w/c=0.6 and 
10% TiO2 replacement, the strength was 43MPa, margin lly reaching 40MPa at its lower 
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end. The increased porosity would allow more water nd salts to penetrate into cement 
samples, if any, which would participate in salt crystallization upon multiple wetting and 
drying, ultimately generating salt crystallization pressure. Higher w/c samples would also 
be more susceptible to acid attack because the acidic solution could penetrate deeper into 
cementitious materials than lower w/c case due to high porosity and permeability. The 
higher percentage of TiO2 was used to promote higher rate of photocatalytic reaction, 
thus expecting more final products to form. Samples w re prepared and cured in the same 
manner as the NO experiment. However, the samples for the NO2 experiment were cured 
until 28 days, as compared to 14 days for the NO experiment, giving the samples enough 
time for strength and hardness gain so that constant mechanical properties baseline can be 
achieved. The surfaces of the samples were polished only up to 5µm because this level 
was found to be sufficient for microhardness measurements. Then, the samples were 
dried in the oven at 30°C for 3 complete days, and stored in air-tight plastic containers 
until tested.   
The NO2 gas was obtained at 100 ppm cylinder, same concentration as the NO, 
from the same vendor. The NO2 was mixed with ultra pure zero air, similar to the NO 
mixture, to a target value of 1000 ppb at the output of the UV reactor when the samples 
are installed. The mass flow controllers were also u ed. 
 
6.2.2 Experimental Procedure 
The general procedure for the cycling was already introduced in Figure 6.1. In 
this section, specific details of each of the steps, the NOx-UV experiment, wetting, and 
drying, are introduced. Each cycle starts with the NOx-UV experiment. This step uses the 
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same apparatus, or chamber, that is previously introduced in Chapter 5. The schematic of 
the test setup is shown in Figure 5.2. Before and between each cycle, the samples were 
stored in air-tight plastic bags in a dry condition. After the installation of the samples in 
the chamber, either a constant concentration of NO or NO2 was injected until the gas 
concentration is stabilized, which takes at least one hour. Gas flow rate was decreased 
from 1000 ml/min in case of the NO experiment to 500 ml/min in case of the NO2 
experiment, in order to allow enough time for the oxidation reaction on the sample 
surfaces and thus expecting higher amounts of oxidation products to form. During the gas 
stabilization time, the UV light was turned on for 15 minutes with a shutter closed to 
warm it up. Once the gas was stabilized, the shutter was opened and the samples were 
exposed to the UV irradiation, meaning the onset of photocatalytic reaction. The NOx-
UV exposure time for the NO experiment was 5 hours fo  all the cycles, which was 
increased to 24 hours in case of the NO2 experiment in an attempt to increase the amount 
of oxidation and thus final products. After the designated time of UV exposure, the UV 
light was turned off and the gas concentration was kept recorded until the concentration is 
stabilized again, which took about one hour. Then, all the gas supply was stopped and the 
samples were collected and transported in an air-tight container for wetting. The humidity 
of the test gas was maintained at 50% RH. The photocatalytic oxidation efficiency was 
determined twice for each run; the first was measured by the drop of NOx concentration 
when the UV light was turned on, and the second was measured by the amount of NOx 
concentration recovery when the UV light was turned off. The results were normalized by 
the number of tiles, where the individual tile surface area was kept constant at ~23cm2. 
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After the NOx-UV exposure, samples were subjected to wetting and drying 
process to simulate rain/dew and dry conditions which could contribute to the 
deterioration of these cementitious materials. For each sample, 0.75 g of deionized water 
was uniformly spread on top surface of a sample, which corresponds to 0.3mm of water 
layer, simulating dew or light rain. Only the top surfaces of the specimen were wetted 
where the photocatalytic reaction takes place. The samples were then stored in a 100% 
RH container for 4 and 3 hours for the NO and NO2 experiment respectively. The wetting 
time was decreased for the NO2 experiment because the samples were made at higher w/c, 
meaning that water could penetrate much faster than t e lower w/c. During this time, the 
water and products of NOx oxidation could penetrate in o cementitious materials that 
could possibly contribute to deterioration. Following the wetting, samples were dried in 
an oven at 40°C. The drying time was 15 hours for the NO experiment and 40 hours for 
the NO2 experiment. The increased drying time in case of the NO2 experiment was 
determined by the minimum time required to dry the samples until there is no mass 
changes. After the drying step, sample mass was measur d and the next cycle was 
performed by exposing samples to the NOx-UV. This cycling was repeated for 20 cycles 
and 14 cycles for the NO and NO2 cases respectively. Since there are large variations in 
the experimental parameters such as duration of NOxexposure, the number of cycles 
performed does not hold great importance. The key experimental parameters between the 

































N: Number of 
cycles between 
examination 
NO 0.5 14 1200* 1000 5 hrs 4 15+ 5 
NO2 0.6 28 1000* 500 24 hrs 3 40+ 4 
* The initial gas concentration measured at the outlet is lower than the actual input concentration due to gas adsorption on the setup 
and the samples. 
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6.2.3 Surface Examinations   
Before and between cycling, sample surfaces were examined. For the NO 
experiment, the surface examination was done every 5 cycles and for the NO2 experiment, 
it was done every 4 cycles. The NO2 experiment was considered to be harsher so smaller 
interval was taken. Sample surfaces were examined by four different techniques: 
scanning electron microscopy (SEM), Vickers microhadness, surface roughness, and x-
ray diffraction analysis.  
Scanning electron microscopy was used to visualize and compare the surface 
morphology before and after the NOx-wet-dry cycling. This method is suitable for 
microcharacterization of the sample surface because of its high magnification. For the 
SEM, a sample was carefully broken into small pieces and conditioned in an oven at 
30°C for three days before the analysis. Samples were n ither surface-treated nor coated 
in an effort to preserve and capture the surface after possible changes.   
Microhardness of the sample surfaces was examined by Vickers indenter per 
ASTM C 1327 standard [180] in order to evaluate any changes in the mechani al 
properties of the sample surfaces after repeated exposure to the NOx-UV and wet-drying. 
This technique is suitable for investigating microst uctural mechanical properties on 
surface of a material, and has been used in several ea lier studies on cement pastes, 
mortars, and concretes [130-132, 142]. Three samples were pre-selected for this purpose 
throughout the experiment, and ten indentations per each sample were made after 
designated number of cycles at locations free from any visible surface defects, for 
consistency. The hardness value is known to be irrespective of load, and loading was 
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Figure 6.3—Surface reconstructed after 15 cycles on NO experiment using confocal 
microscope. Each direction measures 500 micrometers. 
 
X-ray diffraction analysis was performed to qualitatively assess any chemical 
changes that might have occurred during the photocatalytic oxidation and wet-drying 
cycling near the surface of samples. Surface of a sample was scraped to ~1mm depth with 
a razor blade. The powder was then ground with mortar and pestle and analyzed under 
Cu-Kα radiation for 12.5 hours at 2θ from 5° to 65°. Diffraction patterns were normalized 
by the peak of TiO2 at 2θ=25.43 for accurate comparison.  
In addition to the surface examinations, sample mass was measured after each 
cycle with a precision of 0.01g.  
 
6.3 Results and Discussion 
6.3.1 Photocatalytic Efficiency 
Photocatalytic efficiency of the NO and NO2 experiments were determined at 
each NOx-UV cycle. For each experiment and with both gases, a sharp drop of gas 
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concentration was observed when the UV light was turned on, and a quick recovery of 
gas concentration level was observed when the UV light was turned off, similar to the 
results presented in Chapter 5. This is a well-known behavior of a photocatalytic reaction, 
such as on the surface of cement. Among all the NOxconcentration plots from each cycle, 
the plots for the first cycle of the NO and NO2 cases are presented in Figures 6.4 (a) and 
(b) respectively. The number of samples used for the NO and NO2 experiment were 6 and 
13 respectively, thus the results presented should be normalized by the exposed surface 
area of samples to get the photocatalytic efficiency. Note that the concentration of the 
NO2 is plotted in the NO test and vice versa, so as to show the amount of gas conversion 








Figure 6.4—NOx, NO and NO2 concentration at 1
st cycle  




Both the initial drop of NOx concentration when theUV light is turned on and the 
final increase of NOx concentration when the UV light is turned off were measured. For 
example, the initial drop and the final increase of NOx in case of the NO2 experiment 
would be 493ppb and 444 ppb respectively (Figure 6.4 (b)). The results were divided by 
the number of tiles to facilitate comparison. For example, the photocatalytic efficiency 
per tile for NO2 experiment when the UV light was turned on and when it was turned off 
would be 38ppb and 34ppb respectively. The photocatalytic efficiency per sample was 
calculated for each cycle for the NO and NO2 experiments, and the results are shown in 
Figures 6.5 (a) and (b). It was observed, for the NO case, that the maximum NOx binding 
rate happened at 4th – 6th cycle with ~55ppb and reduced to ~25ppb at 20th cycle (Figure 
6.5 (a)). For the NO2 gas case, the maximum NOx binding rate was observed at 1
st cycle 
with ~35-40ppb and reduced to less than 10ppb at 14th cycle (Figure 6.5 (b)). Throughout 
both of the NO and NO2 experiments, the amounts of initial NOx drop and final NOx 
increase for each cycle were similar, indicating that NOx binding rate was relatively 
steady throughout each NOx-UV exposure. The differences between the initial and final 
NOx concentration in each cycle varies up to 10ppb, which could be explained as an 
experimental error, such as due to sample storing co dition, minor temperature changes, 
and NOx stabilization level. Interestingly for both cases, it was observed that the NOx 
binding rate decreased as number of cycles increased. That is, the repeated NOx exposure 
and wet-dry cycling caused negative effect on the potocatalytic oxidation. Considering 
that the TiO2 particles are responsible for the reaction and they do not change during 
chemical reactions, this suggests that the sample surface has been modified due to 
photocatalytic NOx oxidation. Possible explanations are discussed later in this chapter.  
 161
 
Figure 6.5—(a) NO experiment: NOx concentration changes per tile when UV light is 





6.3.2 Scanning Electron Microscopy 
Scanning electron microscopy was used to closely examine the surface of a 
sample exposed to NOx-UV and wet-dry cycling. Figure 6.6 presents SEM images of 
samples under NO gas at 0 and 20th cycle, and Figure 6.7 presents images of samples 
under NO2 gas at 0 and 12
th cycle. From Figure 6.6 (a) and (b), it was observed that pits 
less than 1µm were created on the sample surface with exposure to NO-wet-dry cycling.  
In Figure 6.7, changes are also apparent in the samples under NO2 and wet/dry 
cycling. Visually, the surface after 12 cycles seems to be rougher compared to 0 cycle. 
However, these were not of sufficient size to be quantified by confocal microscopy, 
which is discussed in 6.3.4. As with the NO-exposed amples, pits were also found from 
the sample exposed to NO2, but in this case they are larger in size reaching more than 20 
µm in diameter and occur with greater frequency across the surface. This suggests that 
more severe damage has been occurred at the surface of th  NO2 exposed sample. It is 
not clear if these differences in the apparent damage are due to differences in mix design 
or environmental conditions, or perhaps a combinatio .  
From both of the cases, the pits suggest that there as been either chemical 
deterioration by acid attack or leaching, or the TiO2 particles could have been lost due to 
the deterioration. The TiO2 particles might have been popped out of the surface due to the 
loss of bonding or because of the oxidation products a cumulating on the surface of the 
TiO2 particles, and possibly be lost. This can be related to the lower photocatalytic 
efficiency with continued cycling as shown in Figure 6.5. Higher w/b in case of the NO2 
case supports this idea. It is expected that further cycling will create more of these pits 
and develop current pits deeper and wider. Overall, the results suggest that the NOx-UV 
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exposure and wet-dry cycling do affect cementitious materials by deteriorating surfaces. 
Further research is needed to examine how the damage may progress with longer 
duration of exposure.  
    
 
Figure 6.6—SEM image of a sample in NO experiment  





Figure 6.7—SEM image of a sample in NO2 experiment  
(a) before exposure, (b) after 12 cycles of exposure   
 
6.3.3 Microhardness 
Surface microhardness was measured by Vickers indentatio  method on samples 
periodically after every 5 and 4 cycles for the NO and NO2 experiments respectively. As 
shown in Figure 6.8, at 0 cycles when the samples were not exposed to any 
environmental conditions, the microhardness was measur d to be 45 and 38 for the 




for the samples is primarily due to lower water-to-cement ratio used and lesser amount of 
TiO2 replacement thus higher amount of cement for the samples to be exposed to NO. 
With UV and wet-drying cycling, the samples exposed to NO gas experienced a 40% 
increase in hardness whereas the samples exposed to NO2 gas did not show much change 
in hardness. The increasing hardness in case of the NO experiment could be explained 
mostly likely by continued hydration of the cement. The samples used for the NO 
experiment were cured for just 14 days when the experiment started, and as a result, the 
wetting process could have promoted further cement hydration and thus the hardness 
might have increased. This is shown in the x-ray diffraction results section in more detail 
(6.3.5), where the amounts of C3S and C2S decreased after cycling. Compared to that, the 
samples used for the NO2 experiment were cured for 28 days, resulting a more c mplete 
hydration, and thus the effect of continued cement hydration could be minimized.    
While the NO2-exposed samples appear to maintain a consistent hardness over the 
period of wetting/drying and NOx-UV exposure, single factor analysis of variance test 
(ANOVA) was performed on the NO2 data to determine if the values measured were in 
fact the same, from a statistical perspective. With the significance level set to 5%, the 
average measured microhardness at 0th, 4th, 8th, and 12th cycles were compared. The P 
values were calculated to be 0.08, 0.15, and 0.03 between 0th-4th, 4th-8th, and 8th-12th cycle, 
implying that microhardness between 0th-4th and 4th-8th cycle are the same, while that of 
8th-12th cycle is different. However, the P value calculated b tween 4th and 12th cycle was 
0.43, suggesting that the microhardness measured at 4th and 12th cycle are the same. Thus, 
it can be concluded that the hardness of samples is con tant during the cycling of NO2 
experiment and the lower hardness measured at 8th cycle could be understood as an 
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experimental error. Higher water to cement ratio and longer curing time of the samples 
utilized in NO2 experiment could have contributed to higher degree of hydration at the 
time of the experiment, thus not much hardness increase thereafter.  
Overall in both cases, not a clear sign of decrease in hardness was observed. Thus 
it is suggested that the effect of acid attack and salt crystallization, if any, do not have a 
noticeable effect on microhardness of a cementitious materials.  
 
 
Figure 6.8—Vickers hardness of samples exposed to NO or NO2 and wet-dry cycling 
 
6.3.4 Surface Roughness  
Surface roughness of samples after every 5 and 4 cycles for the NO and NO2 
experiments was examined to measured any changes due to leaching, acid attack or salt 
crystallization. The results are shown in Figure 6.9 for both of the NO and the NO2 cases. 
Overall, the surface roughness of samples was constant over the period examined for both 
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sets of samples. In case of the NO experiment, a slight increase in roughness was 
observed between 0th and 5th cycle. This is believed to be due to excessive polishing that 
made the surface easily affected by, such as, continued hydration. However, roughness 
remained constant at ~11 after the 5th cycle up to 20th cycle. In case of the NO2 
experiment, the surface roughness was steady at ~13.5 for all cycles tested. The reason 
for the higher surface roughness in case of the NO2 experiment could be due to coarser 
polishing. From both cases, the consistent roughness suggests that no considerable 
deterioration or build up was developed on surface of the samples during the scope of 
these experiments.  
 
 
Figure 6.9—Surface roughness of samples exposed to NO r NO2 and wet-dry cycling  
 
6.3.5 X-ray Diffraction Analysis  
After every 5 and 4 cycles for the NO and NO2 experiments respectively, ~1mm 
of surface material was obtained from the sample and analyzed using x-ray diffraction. 
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Diffraction patterns were normalized by maximum peak of the anatase, because it is 
chemically inert and constant among samples of each type. The diffraction patterns are 
shown in Figures 6.10 (a) and (b) for the NO and NO2 cases respectively.  
Interestingly, neither Ca(NO3)2 nor Ca(NO2)2 salts of various forms of hydrates 
were detected using this technique. This could be understood in several circumstances. 
The amount of salts produced might be so little to be detected by this technique, or the 
salts might have transported into deeper pore structure during multiple wet-dry cycling. 
Other explanation could be that the nitrates and nitrites might have formed other types of 
salts or chemically bound in cement. Recently, Balonis et al. suggested that cement has 
the capability to bind nitrates and nitrites by substituting hydroxide, sulfate and carbonate 
from the AFm structures, forming “nitrate AFm” and “nitrite AFm” [181]. However, the 
main peaks of nitrate AFm at 2θ=8.41°-10.20° and nitrite AFm at 2θ=11.04°-11.23°, as 
suggested by the author, were not found by this technique. It should be noted that the x-
ray diffraction analysis is not capable of detecting substances that are less than 5% of the 
sample by volume.    
It is observed, from both of the cases, that peaks of calcium carbonate (CaCO3, 
designated with ★) increased as the number of wet-dry cycles increased. This is an 
indication of carbonation, which occurs to cementitious materials when exposed to 
atmospheric carbon dioxide (CO2) and moisture, as previously stated in Chapter 2. The 
carbonation alters chemical composition of the paste which in turn may affect its porosity 
and microstructure. These changes can affect photocatalytic reactivity since carbonation 
also occurs on surface of a material. It has been experimentally determined that cement 
carbonation decreases the rate of photocatalytic oxdation [42, 120]. Lackoff et al. 
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examined the influence of carbonation on the degradation rate of atrazine, one of the 
organic compounds, and found reduction of photocatalytic activity possibly due to 
decreased specific surface area, decreased atrazine sorptivity, and calcite overgrowth on 
the cement surface [120].  Chen et al. also found reduced photocatalytic efficiency of 
NOx degradation after surface carbonation, possibly due to CaCO3 deposition in pores 
and thus reducing total porosity [42]. This can also be the case in these experiments that 
the increased CaCO3 affected the photocatalytic efficiency. The calcite could have filled 
the pores near the surface, perhaps contributing to increased hardness in the NO-exposed 
samples. The calcite growth might have covered the TiO2 nanoparticles, hindering the 
photocatalytic oxidation reaction.    
In case of the NO experiment, decreased amount of C3S and C2S is observed as 
more cycling was performed. It suggests that the unhydrated cement components were 
hydrated, producing C-S-H (which is largely amorphous) during the experiment, which in 
turn contributes to strength and hardness. This supports the microhardness data where the 
sample hardness was increased as more cycling was performed. On the other hand, not 
much C3S or C2S were found in the samples that are run in the NO2 experiment, 
indicating that higher degree of hydration was reach d before starting of the experiment 
and that hardness was not much affected (Figure 6.8). Also, it should be noted that the 
calcium hydroxide (CH) amount was decreased as more cycling was performed, in case 
of the NO2 experiment. It can be understood that the CH might have been transformed to 
CaCO3 during the carbonation process, or attacked by nitric acid. In case of the NO 





Figure 6.10—X-ray diffraction pattern of samples exposed to NOx wet-dry cycling 
(a) NO experiment (b) NO2 experiment 




6.3.6 Mass Changes 
Mass of three samples for each of the experiment was measured throughout the 
experiment in their dry state and averaged. The results are shown in Figure 6.11. It was 




Figure 6.11—Mass changes of samples exposed to NO or NO2 and wet-dry cycling  
 
6.4 Conclusions 
 The durability and efficiency of photocatalytic cemnt, that might have gone 
through acid attack, salt crystallization, leaching, and carbonation by exposure to cycles 
of NOx-UV and wet-dry conditions, was experimentally investigated. Based on the 
results of this study, the following conclusions are d awn: 
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• Both NO and NO2 gases were efficiently oxidized by the UV irradiation in the 
early exposure. However, with continued exposure to NOx and wet-dry cycling, 
the rate of photocatalytic oxidation decreased in both cases. This is thought to be 
a result of carbonation and continued hydration of C3S and C2S. It is believed that 
calcium carbonate and hydrated cement phases cover the TiO2 particles in cement 
paste samples, thus hindering the photocatalytic rea tions. 
• The SEM results demonstrate that the sample surfaces w re chemically 
deteriorated from both the NO and NO2 experiments as evidenced by pits found 
from the sample surfaces. Larger and deeper pits were found from the NO2 
exposed samples, indicating that either the samples were weaker, were exposed to 
a harsher environmental condition, or both. The pits could possibly indicate that 
there was acid attack or leaching during the repeated NOx-wet-dry cycling. It 
suggests that the environmental condition used for this study could initiate 
degradation of cementitious materials and could further affect long term durability. 
• The microhardness values increased in case of the NO xperiment, and remained 
the same in case of the NO2 experiment with the cycling, indicating that the NOx-
wet-dry cycling did not decrease the hardness property of cement pastes. Rather, 
the hardness of the samples increased in case of th NO experiment, possibly due 
to continued hydration of cement and carbonation. The possible acid attack, as 
found from the SEM, or the salt crystallization was not able to be found by this 
technique.  
• The surface roughness examined by confocal microscopy did not change 
throughout the experiments. The rougher surface as seen from the SEM could not 
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be quantitatively measured using confocal microscopy, likely due to the lower 
resolution of this instrument.  
• The x-ray diffraction patterns indicate that formation of calcium carbonate was 
the most pronounced from both of the NO and NO2 experiments. In case of the 
NO experiment, the amount of unhydrated C3S and C2S were decreased after 
cycling, meaning they were hydrated during the cycling. These results support 
results from microhardness. Any possible nitrate and nitrite salts were not 
detected using XRD, possibly because the amount produced was very little or 
those produced might have transported to inner pore structure. 
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SALT CRYSTALLIZATION DAMAGE TO  
TIO 2 CONTAINING MORTAR BARS 
 
7.1 Introduction 
Porous, brittle materials such as stone, masonry or cement-based materials can be 
damaged due to crystallization pressure generated in their pores, as stated in Chapter 2. 
When salts are the cause of damage, this phenomenon is called “salt weathering”, “salt 
scaling” or, particularly when referring to crystallization of sulfate salts, “physical salt 
attack” [145]. In Chapter 6, it was suggested that cyclic exposure to NOx and wet-drying 
have a potential to damage the surface of a cementitious materials in the long term. 
However, the extent of the damage was not sufficient to be measured quantitatively. 
Since it is reported that the nitrates could participate in salt crystallization damage of 
porous materials (Chapter 2), a detailed examinatio is needed of the potential for salt 
crystallization damage to cementitious materials from nitrate salts which form within 
their structure.   
The objective of this research, then, was to examine specifically the effect of 
calcium nitrate salts on cementitious materials and to etermine if exposure to them has a 
potential to generate expansive cracking in mortars. To examine the influence of 
microstructure (e.g., porosity, pore size), the water-to-binder ratio and rate of addition of 
TiO2 nanoparticles were varied. Two different concentrations of calcium nitrate solutions 
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were utilized and compared with the more commonly examined sodium sulfate solution 
as well as samples exposed to deionized water.   
 
7.2 Theoretical Background 
The mechanism of damage to porous materials by crystallization pressure 
proposed by Scherer [105] is the most widely accepted and has been extended to assess 
damage to porous, brittle materials by ice formation, as well as various forms of salt 
crystallization (e.g., sulfate attack, delayed ettringite formation). The theory considers the 
pressure exerted by a crystallizing salt and examines conditions which can induce 
cracking of porous materials such as cement and concrete. The extent of damage depends 
on the supersaturation of the salt, the size of the por s, and a disjoining pressure between 
the growing crystal and pore wall [105]. One of the common conditions for the 
supersaturation is the evaporation of liquid, which ncreases salt concentration in a 
solution.  
Among the three cases where the crystallization pressur  affects a material (see 
Chapter 2), according to Scherer [105], the case of “capillary rise and evaporation” is 
going to be experimentally examined in this chapter. When a porous material, such as 
cement or concrete, is in contact with a solution, the solution is drawn into the pores of a 
material by capillary suction. The flux, as a result of capillary pressure, can be written as 
Equation (7.1), which is derived from Darcy’s law.     
 
                        Jc = φĀ xx =	 yη (-z-ρk)                             (7.1) 
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Here, Jc is the flux from the capillary rise, φ is the porosity of a material, Ā is the area of 
the surface in contact with the ground, k is the permeability, η is the viscosity, pc is 
capillary pressure, ρL is the density of the liquid, g is the gravitational acceleration, and h 
is the height that the liquid has risen to. Note here that the flux, or rate of rise, decreases 
as h increases. On the other hand, the rate of evaporation from the surface of a material, 
JE, is constant. This makes an equilibrium height, hs, where the rate of capillary rise and 
drying are equal. As the water evaporates, the concentration of salt increases near the 
surface of a material. Near the region of contact, the concentration gradient is not large 
enough to lead to supersaturation because the salt diffuses back towards the source. This 
causes the lower part of a structure to remain relativ y wet under these exposure 
conditions. Above this region, salt concentration at the drying surface increases, 
ultimately reaching supersaturation. At this level, salt precipitates out on the surface of a 
material, a process which is called “efflorescence”. Above, near hs, the rate of 
evaporation exceeds the rate of capillary rise, which results in salt crystallization within 
the pores of the material. It is in this “subfloresc nce” region, where damage may occur 
when the crystallization pressure exceeds tensile strength of a material. Because drying 
happens on the surfaces, the damage tends to produce a conical shape for a prismatic 
sample. The schematic of capillary rise and evaporation is shown in Figure 7.1 




Figure 7.1—Schematic of capillary rise and evaporati n 
 
7.3 Experimental Procedure 
7.3.1 Materials and Sample Preparation 
Mortar bar samples containing TiO2 nanoparticles were prepared for this study. 
The cement used was ASTM C 150 Type I portland cement. The TiO2 powder used for 
this study was P25 (Aeroxide TiO2 P25, Evonik Industries), which consisted of 80% 
anatase and 20% rutile. The average crystal size is 21nm, the surface area is 50±15 m2/g, 
and the sample purity is 99.5% as stated by the manufacturer. Standard 20-30 Ottawa 
sand was used that conforms to ASTM C778. Mortar bars were made based on a cement-
aggregate mass ratio of 1:2.23. For the samples with 0% and 5% TiO2 replacement by 
mass of cement, mortars were prepared with water-to-binder ratios (w/b) of 0.40, 0.50, 
and 0.60, where the TiO2 powder was considered as binder. For 10% and 15% TiO2
containing samples, only the case of w/b of  0.50 was considered, giving a single w/b 
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with all four TiO2 addition rates (0%, 5%, 10%, and 15%), while also examining the 
influence of varying w/b at a range of 0.40, 0.50, and 0.60 at lower TiO2 addition rates (0% 
and 5%).  
When mixing the mortar, the TiO2 powder was first mixed with deionized water 
for 1 minute in a planetary mixer to better disperse the particles. The remainder of the 
mortar mixing followed ASTM C305 procedures.  
Mortar bars were cast in 1 x 1 x 10 inch steel molds. The molds were coated with 
thin layer of hydraulic oil prior to casting. After curing in 100% RH for 24 hours at 
23±2°C, the specimens were removed from molds and co tinued to be cured in limewater 
until 7 days of age at room temperature (23±2°C). Samples were removed from 
limewater and cut into approximately 9cm bars with wet saw and dried in normal room 
condition for 3 days (23±2°C) . Note that both ends of mortar bars were also cut to make 
sure all specimen ends have same absorptive capacity  
 
7.3.2 Procedure: Salt Solution Exposure Conditions 
The salt crystallization exposure uses salt solutions f calcium nitrate and sodium 
sulfate. Deionized water with 18.2MΩ resistivity was used as a control. Calcium nitrate 
tetrahydrate (Ca(NO3)2·4H2O, BDH, 99.0% purity) solution was prepared at 15% and 30% 
by mass, and sodium sulfate decahydrate (Na2SO4·10H2O, Fisher Scientific, 99.0% purity) 





Table 7.1 Experimental detail 
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The experimental procedure was based upon that describ d by Scherer [105]. A 
glass-sided chamber was fabricated such that it provides constant relative humidity 
conditions inside. To control the humidity inside the chamber, a saturated solution of 
calcium chloride (CaCl2) was used [182], and relative humidity was maintained at 35±3% 
at room temperature (23±2°C) throughout the experimnt. CaCl2 was frequently added to 
keep the solution saturated and magnetic stirrer was used to keep the concentration 
constant among the solution. Mortar bar samples were suspended from the top, such that 
lower portion of the samples were partially immersed (to a height of ~2cm) in each test 
solution. By this partial immersion, the salt solutions were absorbed into the mortar bar 
samples from the bottom region and evaporated at upper surfaces of the samples. In order 
to minimize evaporation from the test solutions and maintain low RH in the chamber, 
each test solution was prepared in closed containers with holes where the mortar bars 
pass through (Figure 7.2). To maintain constant height of test solutions in each container, 
test solutions were connected with back-up solutions utside of the chamber with tubing. 
A diagram of the test setup is presented in Figure 7.3 and picture of the actual 




Figure 7.2—Mortar bars partially immersed in test solution 
 
 




Figure 7.4—Picture of the experimental setup 
 
7.4 Results and Discussion 
7.4.1 Effect of Different Salt Solutions and Varying Water-to-Binder Ratio 
Samples with 5% TiO2 replacement, partially immersed in 15% Ca(NO3)2 
solution, 30% Ca(NO3)2 solution, 15% Na2SO4 solution, and deionized water for 65 days, 
were inspected visually with the unaided eye and with a stereomicroscope (Leica MZ6) at 
12.6-20X magnification. The visual inspection result  are presented in Figure 7.5, 7.6, 7.7, 
and 7.8 for the 15% Ca(NO3)2, 30% Ca(NO3)2, 15% Na2SO4, and deionized water, 
respectively for w/b=0.40, 0.50, and 0.60 samples.      
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Figure 7.5 — Samples partially immersed in 15% Ca(NO3)2 solution  
(a) w/b=0.40, (b) w/b=0.50, and (c) w/b=0.60 
 
 
Figure 7.6—Samples partially immersed in 30% Ca(NO3)2 solution  
(a) w/b=0.40, (b) w/b=0.50, (c) w/b=0.60, and (d) crack detail of w/b=0.6 sample 
 
(a) (b) (c) 
(a) (b) (c) (d) 
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Figure 7.7—Samples partially immersed in 15% Na2SO4 solution 
(a) w/b=0.40, (b) w/b=0.50, and (c) w/b=0.60 
 
 
Figure 7.8—Samples partially immersed in deionized water 
(a) w/b=0.40, (b) w/b=0.50, and (c) w/b=0.60 
 
 Overall, the samples partially immersed in Ca(NO3)2 solution experienced 
cracking and spalling, the samples in Na2SO4 solution showed heavy efflorescence 
outside the samples but no damage on the samples was found, and the control samples in 
water were found to be sound after 65 days exposure. From Figures 7.5 and 7.6, it was 
(a) (b) (c) 
(a) (b) (c) 
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determined that Ca(NO3)2 solution could induce expansive cracking on cementitious 
materials that could lead to complete destruction.  
Among the three water-to-binder ratios examined, the mortars prepared at 
w/b=0.60 subjected to either 15% or 30% Ca(NO3)2 solutions (Figure 7.5 (c) and 7.6 (c)) 
exhibited the most severe cracking, which was characte ized by spalling of outer layer of 
mortar samples. Over time, cracking, which started from each corner where drying rate is 
relatively faster, propagated to the sample faces, eventually achieving a crack width of 
~2-3mm. Especially, the sample in 30% solution was completely broken in half, 
indicating that salt crystallization damage affected the entire cross-section of the sample. 
Major cracking initiated from each corner, forming a conical shape towards the inner 
structure (Figure 7.6 (d)). Compared to the w/b=0.60 mortar, the w/b=0.50 mortar was 
damaged in a lesser degree in both of the Ca(NO3)2 solutions and the w/b=0.40 mortar 
experienced only subtle damage on the corner of the samples in both solutions.  
The different behavior between different w/b samples is believed to be highly 
related to variations in strengths of the samples. Cracking occurs when the salt 
crystallization pressure exceeds tensile strength of a material [109]. Valenza [109] noted 
that as the compressive strength approaches a value of 40 MPa, the salt scaling resistance 
of the material should be satisfactory. This suggests that salt crystallization damage can 
be mitigated by lowering w/b, as w/b is conventionally inversely related to compressive 
strength. Compressive strengths of cement pastes with w/b from 0.40 to 0.60 are shown 
in Chapter 3 in Figure 3.6, where all the cases exce d the limit value of 40 MPa which is 
~5800 psi. However, it is expected that the compressiv  strength of mortars, as utilized in 
this study, would be lower than the cement pastes uilized in Chapter 3. It is likely that 
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the compressive strength would be lower than the 40MPa at higher w/b, leading to salt 
crystallization damage.       
It should be also noted that the location where cracking occurs varies with w/b, 
with cracks forming at greater heights above the solution surface as the w/b increases. 
This is believed to be related to the influence that w/b has on the pore structure in the 
samples. The capillary flux increases proportionally s porosity increases (Equation 8.3). 
With high w/b producing a greater porosity, thus, the salt solution would be transported 
higher within the high w/b sample. This would result in subflorescence at greater height 
above the solution than for lower w/b samples. Visually, the location of drying front, 
characterized by darker color within each sample, was observed at higher location for the 
higher w/b samples. 
Comparing samples in 15% and 30% calcium nitrate solutions, samples subjected 
to 30% solution experienced more severe damage than the ones in 15% solution as 
expected. This indicates that higher concentration of salt solution resulted in more severe 
damage at early times.  
 The samples immersed in Na2SO4 solution developed heavy efflorescence within 
several days after the start of the experiment, with hite deposits covering whole sample 
surfaces. The thickness of the deposit continued to increase with time reaching ~2-5mm 
at some areas, but no difference was observed with varying w/b. However, no cracking 
was observed on the sample surfaces. Typically, efflor scence takes place when solution 
dries outside of a sample. This negatively impacts the aesthetics of a structure, but does 
not affect its soundness. While the more damaging subflorescence occurs at above the 
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efflorescence, the mortar bars were apparently not of ample height to support that mode 
of deposition.  
The sodium sulfate salt precipitated on the sample surface was scraped off and 
examined by x-ray diffraction analysis. It was confirmed to be pure thenardite, the 
anhydrous form of Na2SO4 (Figure 7.9). Considering that the salt used for making the 
solution is mirabilite (Na2SO4·10H2O), the humidity condition in this experiment is low 
enough that anhydrous thenardite salt precipitates, since the phase diagram for sodium 
sulfate indicates that thenardite transforms to mirabilite at RH=~78% at 25°C (Figure 
7.10). Although the damage mechanism due to sodium sulfate remains controversial, it is 
believed that thenardite dissolution generates high supersaturations with respect to 
mirabilite, and that crystallization stress of mirabilite growth induces damage [107]. In 
the experiment, mirabilite solution dried out into anhydrous thenardite, the opposite 
direction of generating disruptive crystallization damage. This suggests that the mortars 
in sodium sulfate solution in this experiment are not conditioned under the worst case 
scenario damage. However, supersaturation is still expected during drying, such as 







Figure 7.9 – X-ray diffraction pattern of salt outside of w/b=0.60 sample immersed in 15% 
Na2SO4 solution. “T” designates Thenardite, anhydrous form f Na2SO4. 
 
 
Figure 7.10 – Phase diagram for sodium sulfate (from [107]) 
 
In addition to visual inspection, samples immersed in calcium nitrate solution (15% 
and 30%) that went through damage were examined by optical microscopy at 65 days. 
Damaged parts were chosen for examination and the results from these observations are 
shown in Table 7.2. In all of the samples, needle-lik  structures along with glassy 
amorphous-appearing deposits were observed within cracks. The amorphous deposits 
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covered the inside of cracks on cement pastes and sparticles. The needle-like 
crystallized salts were developed inside of the cracks on the amorphous deposits. The 
w/c=0.5 samples had the most amorphous deposits possibly because they had the longest 
time out from the controlled chamber. It is hypothesiz d that the crystallized salts absorb 
moisture from the atmosphere and are dissolved, then dry again forming amorphous 
morphology. To identify the composition of any crystalline precipitates, additional 
powder x-ray diffraction analysis was performed. The w/b=0.6 sample immersed in 30% 
Ca(NO3)2 solution was chosen for this purpose because it experienced the most damage 
and thus was anticipated to have the most amount of salt ormed. The damaged part was 
carefully collected and crushed. During this step, sand particles were removed using 
No.50 sieve (0.297mm opening). Using mortar and pestle, the powder was ground and 
was run under CuΚα radiation for 2 hours. A control sample from the same batch but not 
used for the experiment, was also prepared in a same way. As shown in Figure 7.11, 
calcium nitrate hydrate was identified in two forms - Ca(NO3)2·2H2O and 
Ca(NO3)2·4H2O. In addition, another nitrate compound, Ca(OH)NO3(H2O) was also 
found, suggesting chemical reactions between the salt from the solution with the 
cementitious materials. It is notable that calcium hydroxide (OH), a major crystalline 
phase in cementitious materials, was not found in deteriorated portion of the sample. This 
suggest that the calcium hydroxide could potentially react with the calcium nitrate salt, 





Table 7.2 Damaged surfaces of samples immersed in Ca(NO3)2 solution 
 




























Figure 7.11 – Diffraction pattern of w/b=0.60 sample immersed in 30% Ca(NO3)2 
solution. The top and the bottom represent deteriorated part and unaffected part, 
respectively. 
  
7.4.2 Effect of Different Amounts of TiO2 
A similar salt crystallization experiment was performed with samples prepared 
with different amounts of TiO2 powder in order to examine the effect of addition of inert 
nanoparticles. Some of the effects of addition of TiO2 nanoparticles were addressed in 
Chapter 3 and 4 already. In Chapter 4, the effect of TiO2 was examined on early 
hydration of cement, where the nanoparticles promote cement hydration due to nucleation 
effect. This could possibly alter the microstructure of cementitious materials, which 
would affect transport properties and thus long-term durability as well. In Chapter 3, it 
was found that the compressive strength slightly decreased in case of the w/c=0.5 
samples with TiO2 addition, and it is known that compressive strength plays a critical role 
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in salt crystallization damage. Thus, this subsection focuses on the effect of varying TiO2 
dosing rates, especially on the salt crystallization damage.      
Mortar bar samples with water-to-binder ratio of 0.50 and containing 0%, 5%, 
10%, and 15% of TiO2 particles were partially immersed in 15% Ca(NO3)2 solution for 
92 days.  
Samples were inspected visually and by optical micros opy. The visual inspection 
results are presented in Figure 7.12 for the 0%, 5%10%, and 15% TiO2 containing 
mortar bars. Comparing these, it was shown that the ordinary mortar exhibited the least 
damage, with relatively minor salt spalling at the corners (Figure 7.12 (a)). The extent of 
damage grows with increasing amounts of TiO2 in the mortar, with the maximum damage 
in case of 15% TiO2 (Figure 7.12 (d)). For that case, spalling, expansion, and vertical 
cracking were observed at the corners with expansion and scaling progressing from the 
corners across the sample faces.  
 
  
Figure 7.12— w/b=0.50 samples partially immersed in 15% Ca(NO3)2 solution 
(a) 0% TiO2, (b) 5% TiO2, (c) 10% TiO2, and (d) 15% TiO2 
 
(a) (b) (c) (d) 
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Figure 7.13 shows at higher magnification the deteriorated parts of the samples 
presented in Figure 7.12. The needle-like precipitates of Ca(NO3)2 salts were observed in 





Figure 7.13— w/b=0.50 samples partially immersed in 15% Ca(NO3)2 solution 




In order to investigate the possible reasons for the differences in salt scaling 
damage between varying TiO2 replacement rates, a microstructural evaluation was 
performed. In particular, the surface area and pore siz  distribution of a hydrated 
cementitious material are closely related to microstructure development that could 
potentially explain variations in macroscopic properties, including salt crystallization 
damage. Nitrogen BET surface area and pore size distribution of the 0%, 5%, and 10% 
TiO2 (P25) containing cement pastes at w/b=0.50 were measur d at 7 days of curing, 
using a surface area and porosimetry analyzer (ASAP 2020, Micromeritics, Norcross, 
GA). The curing conditions and age for these paste samples were the same as the mortar 
bars used for this study. The samples were crushed to pass the No. 8 sieve (0.0937 in or 
2.38 mm opening) and retained on a No. 16 sieve (0.0469 in or 1.19 mm opening), and 
were subsequently freeze dried for 3 days. The BET surface area was measured to be 
50.3124 m2/g, 66.0541 m2/g, and 84.4845 m2/g for the 0%, 5%, and 10% samples 
respectively, showing an increased surface area with higher TiO2 replacement. The pore 
size distribution was calculated using the Barrett, Joyner, Hallenda (BJH) method and the 
cumulative pore size distribution and cumulative pore volume distribution results are 





Figure 7.14—(a) Cumulative pore area distribution and (b) Cumulative pore volume 






From these results, it was found that higher TiO2 replacement rate resulted in 
greater pore area and pore volume at pores smaller than 10 nm. This suggests that the 
addition of high surface TiO2 nanoparticles altered the microstructure of cement pastes 
despite the less cement content. These results can be related to the salt crystallization 
theory proposed by Scherer, where smaller pores are more susceptible to high 
crystallization pressure than large pores [105] as shown in Equation (2.10). Thus, these 
results suggest that the denser microstructure developed with high TiO2 addition could 
have led to high salt crystallization damage. 
 
7.5 Conclusions 
 The salt crystallization damage on mortar bar samples was experimentally 
investigated using calcium nitrate solution. It was determined that calcium nitrate salt 
could induce salt crystallization damage to cementitious materials under low RH, and that 
the extent of damage gets severer with higher w/b and higher TiO2 content. Crystalline 
calcium nitrates and nitrate compounds were found from the cracked surface. It is 
suggested that w/b less than 0.4 be used for mortar that contains less than 5% of TiO2 
nanoparticles to be resistant to salt crystallization damage. Careful site investigation is 
necessary in planning of a structure, where the ambient RH is low and continuous supply 
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CONCLUSIONS AND FUTURE RESEARCH 
 
8.1 Conclusions and Contributions of Research 
Performances of photocatalytic cement-based materials ranging from early age 
properties to the long-term durability have been investigated in this research. In this 
chapter, key findings and global conclusions are presented with the contributions of this 
research.  
Cement Hydration:  
While interest in the use of titanium dioxide in construction materials is 
increasing due to its NOx binding capability among ther functionalities, the effect of the 
addition of these functional nanoparticles on cement-based materials had not been 
previously investigated. This study examined the impact of the chemically inert TiO2 
nanoparticles on the properties of cementitious materials. An important contribution of 
this effort was the conclusion that the addition of TiO2 nanoparticles increases the rate of 
early cement hydration and the degree of early hydration, resulting in decreased setting 
time and increased compressive strength at lower water-to-cement ratio, but with 
decreased microhardness. These series of results from Chapter 3 suggest that the TiO2 
nanoparticles could be used to optimize cementitious materials to achieve specific early 
age behavior as well as hardened properties, setting aside the photocatalytic benefit. In 
particular, this research has demonstrated that reductions in clinker content in cement or 
 199
concrete could be realized through the addition or substitution of cement with chemically 
inert nanoparticles, such as titania. 
Boundary Nucleation:  
Further, this research provided experimental evidence, coupled with modeling, 
that demonstrated the addition of TiO2 nanoparticles accelerated and increased the degree 
of hydration of the early hydration of C3S and C2S, the two primary components in 
portland cement. With mathematical modeling, it was shown that the additional surface 
area of the TiO2 nanoparticles provide nucleation sites for the hydrated cement products, 
thus decreasing the induction period and accelerating hydration. The boundary nucleation 
model was found to approximate the hydration curve more accurately than the 
conventionally used Avrami model due to the assumption that nucleates develop 
preferably on surface rather than random nucleation. In summary, the results suggest that 
the nanoparticles participate in the hydration process by adding huge surface area, and 
should not be considered just as inert “fillers.”  
Acceleration of Belite Reaction:  
Also, importantly, the rate of hydration of the C2S phase in portland cement was 
examined by isothermal calorimetry for the first time in this study. The hydration curves 
of C2S pastes were successfully collected with and without TiO2 nanoparticles, and an 
accelerated hydration was found with the samples containing the TiO2 particles. This 
suggests that practical use of C2S-rich cements could be promoted by optimizing the 
performance using nano-TiO2 or other inert nanoparticles; currently such cements are not 
favored, primarily because of their slower rate of reaction. By accelerating the hydration 
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of C2S – which can be produced at lower temperatures while emitting less CO2 during 
manufacture – another potential pathway to sustainable development was identified. 
Binding of NO and NO2:  
Most prior research has utilized NO gas while examining the photocatalytic 
reaction in cement-based materials, primarily due to the existing standards. However, it is 
the NO2 that is directly harmful to humans that needs to be diminished, although the NO 
and NO2 coexist in the atmosphere. In the current study, the photocatalytic behavior 
between the NO and NO2 gases was investigated and compared. It was found that the 
photocatalytic efficiency between the two gases was similar after 3 hours of NOx and UV 
exposure. However, in both cases, the NOx binding efficiency, or the decrease in the 
NOx level, decreased with long-term NOx/UV and environmental exposure presumably 
due to carbonation and overgrowth of hydration products. In addition, the current study 
examined the NOx binding capability within the cementitious materials, which is 
qualitatively addressed for the first time. It was found that the NO2 gas has a greater 
potential to be bound in hardened cement paste than t e NO gas, and the amount is 
comparable to the amount decreased by photocatalytic reactions. These results suggest 
that photocatalytic cement-based materials could be used to mitigate the harmful NO2 gas 
in the atmosphere not only through photocatalysis, but also through NOx binding within 
the cementitious matrix.    
Long-term Durability:  
 The repeated exposure to the NOx-UV condition as well as wetting and drying 
was shown to result in pits on the surface of the samples as evidenced by SEM images, 
which is an indication of chemical damage. However, microhardness, surface roughness, 
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and x-ray diffraction analysis were insensitive to any resulting changes in surface 
properties or composition. These results suggest that NOx-wet-dry cycling has a potential 
to generate surface damage of a cementitious materials, but that further research is 
warranted to better address this problem. It is recommended that these photoctalytic 
cement-based materials be used in a vertical configuration such as on walls, rather than in 
a horizontal configuration such as pavements, so that the photocatalytic products can be 
washed out more efficiently and to decrease chance of abrasion.  
Salt Crystallization:  
Nitrates are anticipated to form during the photocatalytic NOx oxidation, which 
are known to damage porous materials by salt crystallization. In this study, the potential 
of salt crystallization damage due to calcium nitrate solution is investigated on 
cementitious materials for the first time. The results indicated that the calcium nitrate salt 
could induce salt crystallization damage on mortar, characterized by cracking and 
spalling at relative humidity lower than 35%. It is suggested that increasing the strength 
could mitigate the damage, by using water-to-binder ratio less than 0.4 and using less 
than 5% of TiO2 nanoparticles replacement of cement. 
 
8.2 Recommendations 
Based on the current investigations on photocatalytic cement-based materials, 
some recommendations are made as follows.  
 
• It was shown from Chapter 3 that the surface hardness decreased significantly 
with TiO2 nanoparticles replacement, which can be related to abrasion resistance. 
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Also, from Chapter 7, a possibility of a surface degradation after a long term 
exposure to NOx and varying moisture states was found. It is recommended that a 
novel experimental technique be developed to measur the abrasion resistance in 
pavements for the photocatalytic materials. Also, for long term durability, it is 
recommended that these photocatalytic cementitious materials be used in a 
vertical configuration such as on walls, rather than used as a horizontal 
component such as pavements to decrease the chance of abrasion. This will also 
ensure that photocatalytic oxidation products be washed away more effectively by 
water rather than the horizontal configuration, where the photocatalytic final 
products could remain on the surface of cementitious materials for a longer time. 
• It is recommended that these materials be used in a high pollutant concentration 
environment or in a confined place to achieve the best efficiency to cost ratio. For 
example, photocatalytic cement-based materials can be used in lower level 
parking decks or in tunnels where the NOx concentration is high and ventilation 
or dilution is poor. Especially in case of the parking decks, it is critical to lower 
the NOx level because people are exposed to high concentration of the NOx while 
walking to and from their cars. 
• More generally, photocatalytic cement-based materials could be used for 
oxidizing other species rather than the NOx. For insta ce, these materials could be 
used in indoor applications to decrease indoor pollutants such as volatile organic 
compounds (VOCs), outgassing of some types of building materials, and odor 
molecules. These pollutants are the cause of sick building syndrome (SBS) [183], 
which is a well-known phenomenon caused from bad inoor air quality. 
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Durability issue in this case, would be much lower than outdoor applications. 
Also, these materials can be used for biological applications. It was reported that 
fungal colonization and fouling was strongly inhibited by use of photocatatic 
cementitious materials [48].  
 
8.3 Future Research 
The present research has contributed much to the knowledge of photocatalytic 
cement-based materials that contain titanium dioxide nanoparticles. However, much 
future research will be necessary in order to utilize this material in an optimal way. Some 
key topics that require additional research are list d below. 
 
• One of the big challenges of using nanomaterials on cementitious materials is 
agglomeration. All of the TiO2 nanoparticles used in this study were produced as 
micro-size agglomerates due to health concerns. These are not dispersed well in 
water even after ultrasonification and tend to reagglomerate due to high interfacial 
energies [184, 185]. Further effort is required to better disperse these particles in 
water in an acceptably easy way so that the method could be used in the field. 
Also, any further effects of using well dispersed nanoparticles, such as on cement 
hydration, strength development, microstructure, and photocatalytic efficiency, 
should be investigated.    
• Properties of commercially available TiO2’s vary quite a bit depending on many 
factors. Companies use different processes to purify TiO2 nanoparticles, and their 
primary particle size, agglomerate size, dispersability, and even photocatalytic 
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reactivity are different. Although the TiO2’s cannot be standardized, a certain 
minimum should be set, in terms of use with cementitious materials, on the 
photocatalytic reactivity and early and long-term properties. Furthermore, the use 
of treated TiO2 that activates under a visible light could be examined [71, 186], 
which could be used in the interior of a building where UV light is not present.  
• The study on the NO2 binding in cementitious materials holds importance as a 
preliminary step examining the binding capacity qualitatively. A detailed research 
is required to quantitatively examine how much of the NO2 can be bound in 
cementitious materials at various conditions such as varying w/c, humidity, NO2 
concentration. Also, it is necessary to investigate wh ther the NO2 molecules are 
freely bound or permanently bound in the cementitious materials, and to examine 
any possibility if the NO2 adsorbed could take part in chemical reactions with 
cement substrate.   
• Recently, a new mathematical model was suggested by Tomellini to explain the 
dissolution-precipitation reaction taking place on the surface of small particles, 
based on the nucleation and growth processes [187]. This model considers two 
different nucleation rates, continuous and simultaneous, thus enabling more 
detailed analysis. Since this model was successfully applied to explain the kinetics 
of C3S hydration, it could be further applied to the system with inert nanoparticles 
such as TiO2. 
• This research utilized fluorescent lamps as a UV light source to provide constant 
UV irradiation to samples in a controlled environment. However, the sunlight 
might have a different effect on the photocatalytic cement samples [188]. A 
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similar NOx degradation experiment is suggested under the sunlight to better 
simulate the field condition because most of the photocatalytic cements are 
installed in the external environment. Also, an in-situ experiment could be 
performed near major roadways in the long-term to investigate any possible 
durability issues that are not expected in this study. 
• From the observations in Chapter 6, it is suggested that longer duration and more 
intense environmental conditions be used in the NOx-wet-dry cycling, in order to 
examine if the pits, as observed by the SEM, have negative effect on the 
durability of cementitious materials.  
• Results from life cycle analysis (LCA) suggest that the overall environmental 
impact of the TiO2-cement is significantly higher than ordinary cement paste, 
mostly coming from the production of TiO2 nanoparticles [189]. Although the 
photocatalytic cement is capable of diminishing environmental NOx during its 
lifetime, it might not overcome the environmental cost associated with the 
production in an acceptable amount of time. Thus, frther research on other types 
of nanomaterials can be beneficial in terms of sustainable development. The 
nanomaterials that have lower embedded energy but have similar acceleratory 
effect on cement hydration and strength development would be ideal option to 
replace TiO2 nanoparticles.  
• Relationship between surface hardness, strength, and abrasion resistance should 
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